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REPORT ORGANIZATION

VOYAGER PHASE B FINAL REPORT

The results of the Phase B Voyager Flight Capsule study are organized into

several volumes. These are:

Volume I Summary

Volume II Capsule Bus System

Volume III Surface Laboratory System

Volume IV Entry Science Package

Volume V System Interfaces

Volume VI Implementation

This volume, Volume II, describes the McDonnell Douglas preferred design for

the Capsule Bus System. It is arranged in 5 parts, A through E, and bound in

ii separate documents, as noted below.

Part A Preferred Design Concept

Part B Alternatives, Analyses, Selection

Part C Subsystem Functional Descriptions

Part D

Part E

Operational Support Equipment

Reliability

2 documents, Parts A 1 and A 2

5 documents, Parts BI,

B2, B3, B 4 and B 5

2 documents, Parts C 1

and C 2

1 document

1 document

In order to assist the reader in finding specific material relating to the

Capsule Bus System, Figure 1 cross indexes broadly selected subject matter, at

the system and subsystem level, through all volumes.

REPORT F694 =VOLUME II • PART B ,31 AUGUST 1967

J_FCDONNELL A&TRONAUTICS



VOLUME II CROSS REFERENCE INDEX

._>_6
0 ....i n_
u < a- o-

z ,.n" z

_<_-
_ -J

ZLU _

. Z

zo

I--_1 ._1

nom d_<_
O13- I I-- n I _

17

17_2

nn _r_

z <uJ<<NN_ U

<

,?,

> /

o o

I:: l "-
0 _

U _ ,,,

o o

17r_

o nlnl

ur_

E c --.-
o

o_ EU o < < < <

Z Z Z

0

0 , ,

I I I _o 0o _o ,--._u-_

< < < < < < <

Z Z Z ;Z Z Z Z

U Ill III
_Ur7
_.J_

I I I
"_0 _0 _0

/7 r_ r_

.B

U

_ _ '°___

_ 0 0 _

• _--17

z z _._ E

REPORT F694, VOLUME II , PART B • 31 AUGUST 1967

MCDONNELL ASTRONAUTICS

W

>-

C_

i/I

0

U u"

o

_ w_ _

_z

o

1

,.4

r7 E

_A

°_

t-
O

N

Figure 1-"/

ii

C_

u_

ul

o

I
C_I

_E
17 E

-o

<



u"

o
rl

o

in

E r_

!f.D

t _ e'] e'i "C

_ g
U U

I

ol--
o_ I

r4_.
.4_d

c c _-
o o

u_.G U U U

a_a_ • o o• __ _I O_ 13- n

U U "o U U

I.-u'_ I--_/) I--U'_ "_ I-.V_ I_ _'_

mm r4-,_" e4m m,_ _ e4o, e'_m

_G _G _G -g
i-

o
r- x

o --6_.=

_l- _ _o_ E

.--: ._:

o c:

0 o c o O

I-- l::_ _: r'_ u

I I I I I
c,,i (-_ ,,_- u'3 _

.L

--o

,,
I _ . I I I I

0- o.
-_ _ .- >. -_-

E '_ E _

• I • I

eq_ e,i_ N

I,)

"o

< _J

i/I
E
0

u
" I

E
D
E

E
o
u

il'--

0 _ C_I

u'l

m m --- _ >,

I I I I I I C'

g g g g

-r- ":- -r- .__ _.. _.
u u u u

ul
E3 E3 _ E3 _

I I I I 123 1:3

C_I (_ _ _ _/¢,_ Ie,i e,i e4 e4

e,i c,i e',i e,i _N

E

u
_ .-- U

_ E "-e- c

"G • u

_ -o -o o o
O o D o o >-

I1- v) 0 r_ ._ EL

c

__ ,,, o _) =

g__ ,__ -- :_ .N

I _ C_ U I-- l

t- e- E

O O O
.-- _. O. O.

o_ "_ ":- "_-

u u"_ u_ u_ "_-

/:3 I I I

I _ cN o'3

(H (,'; e,'; _ ¢4

E:

2 -_ _ u

o _ o
U n= U a- o_
_ .- _ '-_
E _ "*- "- O
_ o u E _

/::3 C_ -- 11-

Z

>

u

c_
us

O

11.

o

E
D

o

>

o

o
o

Od

13-

o
Z



PART B

TABLE OF CONTENTS

ALTERNATIVES, ANALYSES, SELECTION

SECTION i STUDY APPROACH AND ANALYSIS

i.i Baseline Identification Document

1.2 Request for Technical Information

1.3 Feasibility Testing

1.4 Selection Criteria

SECTION 2 MISSION ANALYSIS

2.1 Mission Phases

2.2 Mission Constraints

2.2.1 Types of Constraints

2.2.2 Effects of Constraints

2.3 Analyses

2.3.1 Orbital Analyses

2.3.2 Capsule Bus - Flight Spacecraft Separation

2.3.3 De-Orbit

2.3.4 Atmospheric Flight Mechanics

2.3.5 Deployable Aerodynamic Decelerator

2.3.6 Terminal Descent

2.3.7 Landing Site Selection

2.3.8 Effects of CB Mission Selection on Spacecraft Life

2.4 Profile Selection

2.4.1 Types of Mission Profiles

2.4.2 Mission Profile Formulation

2.4.3 Profile Evaluation and Selection

2.4.4 Mission Selection

SECTION 3 SYSTEM FUNCTIONAL REQUIREMENTS

This Document Consists of the Following Pages:

Title Page

i through iii

i, 1-2 through 1-5

2-1 through 2-253

3-1 through 3-5

Page

i

i-i

i-I

i-i

1-3

1-3

2-1

2-1

2-4

2-4

2-6

2-19

2-19

2-38

2-49

2-77

2-122

2-122

2-203

2-223

2-227

2-227

2-232

2-242

2-250

3-1

REPORT F694.VOLUME II - PART B ,31 AUGUST 1967

MCDONNELL ASTRONAUTICS

iii



PARTB

ALTERNATIVES,ANALYSISANDSELECTION

Selection of McDonnell's preferred Capsule Bus design was based on comparative

studies of the performance of several candidate concepts. The objective of this

selection was to determine a design which meets all of the constraints and which

performs the capsule mission successfully. The hazards imposedby the sterilization

requirement, long lifetime, and uncertain environment have necessitated a conserva-

tive approach utilizing redundancy, design margin, and operating flexibility.

Wehave sought optimization of the entire Flight Capsule, rather than any in-

dividual subsystem. Achievement of capsule landing, performance of entry science

experiments, and performance of landed science experiments were treated as the prim-

ary mission objectives. Compatibility with growth toward future mission requirements

also played a strong part in the selection. Probability of mission success was our

most important single optimization criterion. Others were system performance,

development risk, versatility, and cost.

Mission analyses determined the range of profiles which satisfy mission objec-

tives and are compatible with the capabilities of the Flight Capsule and other

VOYAGERsystems.

Functional requirements on the various subsystemswere established from the

mission profile. The alternatives considered for satisfying these requirements

and the analyses leading to selection of a preferred concept are described in this

part of the report.

The complexity of system and subsystem interactions necessitates frequent ref-

erence to other parts of this volume. The selected configuration is described in

Part A; the SubsystemFunctional Descriptions are in Part C. Other reports gener-

ated during our VOYAGERstudies are also referenced for the benefit of specialists
who are interested in further detail.
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SECTION i

STUDY APPROACH AND ANALYSIS

The objective of the Phase B study was to select from among the various candi-

date techniques for performing the VOYAGER mission the combination best achieving

the mission objectives within the constraints of Section A2. This was accomplished

by a multi-step reduction in the number of alternates, so that only a few needed

detailed analysis and evaluation. These high value candidates and the techniques

used to select the preferred concepts will be discussed in this part.

i.i BASELINE IDENTIFICATION DOCUMENT - The basic device for determining the pre-

ferred design was the use of a baseline identification document (See Figure 3-1).

For each mission phase, various functions to be performed and alternative techni-

ques to perform those functions were identified. One of these techniques was

selected early as the preferred approach, based on data available at the time.

The baseline document was then revised as further analysis revealed the desirability

of a change in the selected approach.

The baseline document also served to identify critical trade studies, defined

as those strongly affecting the entire design or those requiring extensive inter-

disciplinary effort. The interdisciplinary studies were conducted under the cogni-

zance of the systems integration groups, but utilized the efforts of virtually

all project personnel as a systems analysis resource. Engineering analysis support-

ing the trade studies defined the operational parameters and design conditions, but

did not of themselves lead to selection of preferred approaches. The more important

system analysis and some of the major trade studies are presented in Section 4.

Trade-offs essentially within a single subsystem or discipline were handled within

the affected technology and are reported in Section 5.

1.2 REQUESTS FOR TECHNICAL INFORMATION - Our design approach, development scheduling,

and cost estimates for the CBS are supported by the technical capabilities of the

industry through the use of Requests for Technical Information (RFTI). These RFTI,

sent to appropriate suppliers of subsystems and components, contain basic performance

requirements and request that the responder submit a recommended design, data to

substantiate his recommendation, and estimated cost and delivery schedules. Figure

i-i lists the subject matter of these RFTI and the names of companies responding

with information.
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CAPSULE BUS SYSTEM REQUESTS FOR TECHNICAL INFORMATION

ITEM

Inertial

Measurement

Unit

VENDOR RESPONSE

Autoneti cs

ITEM

Throttleabl e Bipropellant

AcceJerometers

and Velocity
Meters

Altimeter

Landing
Radar

Radome

Sequencer &
Timer

Failure Rate

Data/

Propulsion

System

Components

De-orbi t

Rocket

Motor

Capsule
Reaction
Control

Engine

Hon eywell
General Electric

United Aircraft

k i tton

Sy stron-Don ner

Bell Aerosystems

Ryan

Westinghouse
Stewart-Warner

Sperry

Honeywell
Texas Instruments

Sperry

Laboratory for
Electronics

Ryan
Autonetics

Brunswick
Whi ttaker

Heath

Emerson & Cumming

Conductron

Aeroj et-General

Bell Aerosystems

Rocketdyne

TRW Systems

United Technology Center
Thiokol

Marquardt

Aerojet-General

United Technology Center
Thiokol

Hercules Powder

TRW Systems
Walter Kidde

Marquardt
Rocket Research

Engine

Attitude Control and Terminal

Propulsion System

Components Valves

Attitude Control and Terminal

Propulsion System

Pyrotechnic Valves

Attitude Control and Terminal

Propulsion System Pressure
and Propellant Tanks

Attitude Control and Terminal

Propulsion System Filters

Silver Zinc

Ba tteri es

Attitude Control and Terminal

Propulsion System Tempera-
tures and Pressure Trans-

ducers

VENDOR RESPONSE

Aerojet-General

Marquardt
Thiokol

Rocketdyne

UnJted Technology Center

Bell Aerosystems

TRW Systems

MC Manufacturing
Walter O. Leonard

General Precision

Unidynamics
Holex

Pyronetics

Menasco

Aerojet-General

Western Filter

Vacco Valve

Eagle-Pitcher

Electric Storage Battery

Servonic Instruments

Teledyne

Electro-Optical Systems

Attitude Control and Terminal

Propulsion System Gas

Pressure Regulators

Attitude Control and Terminal

Propulsion System Burst

Diaphragm Assemblies

Carlton Control s

National Water Lift

Sterer Engineering

MC Manufacturing

Black, Sivalls and Bryson,
Parker Aircraft

REPORT F694 • VOLUME II • PART B • 31 AUGUST 1967

MCDONNELL ASTRONAUTICS

Figure 1-1

1-2



1.3 FEASIBILITY TESTING - Whenever an extension beyond presently proven techniques

was deemed necessary to provide confidence in a design concept selection or to

assist in making a selection, a test was initiated. The testing activity, selected

to complement NASA and JPL testing programs, is summarized in Figure 1-2. These

test programs provided materials compatibility verification, aided the extrapolation

of analytical efforts to Martian environment conditions, and guided the establish-

ment of operational procedures. The tests are more fully described in Section VI BI.

1.4 SELECTION CRITERIA - All subsystem selections and interdisciplinary trade

study decisions were made on the basis of optimizing the total Capsule System. Five

broad criteria were selected to measure optimization. These are considered to be

composed of several factors, each of which varies with each subsystem or trade study.

This method provides an easily understood picture of the advantages and disadvantages

of the candidates.

The selection criteria are:

Criteria

Probability of Mission Success

System Performance

Development Risk

Versatility

Typical Factors

Subsystem reliability

Effect on other subsystems

Vulnerability to environmental uncertainty

Probability of violatinz quarantine

Subsystem weight

Attainability of desired landin_ site

Quality of data to be obtained

Environmental compatibility

Duration of development cycle

Effect on other subsystems

Need for state-of-the-art improvement

Test complexity, confidence in results

Ease of accommodating changing require-

ments

Growth capability

Ability to adapt to new environmental

data

REPORT F694•VOLUME II •PART B •31AUGUST 1967
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Cost Fabrication ease

Accessibility

Unusual handling requirements

Need for redundant development

Special facilities

These criteria were applied in two steps. Initial screening (to reduce a large

number of candidates to a few high value prospects for detailed study) generally

used a numerical rating system having the following values:

a. Probability of mission success .35

b. System performance .20

c. Development risk .20

d. Versatility .15

e. Cost .i0

The surviving candidates, after additional study, were then entered into a

matrix presentation briefly identifying the pros and cons applied for each factor

or criterion. Selection of the preferred design approach used the numerical system

as a guide, but ultimately depended on our accumulated experience and engineering

judgement.
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SECTION 2

MISSION ANALYSIS

Studies of the mission profile for the Capsule Bus in the 1973 Mars launch

opportunity have considered the interaction with the VOYAGER Spacecraft and

Surface Laboratory Systems. Each of these systems has its own specific mission

objectives; but, for out-of-orbit descent and landing, the initial conditions of

the Caosule BuS de-orbit must be compatible with Spacecraft flight, and the landing

conditions must be compatible with the Surface Laboratory operation.

In addition to the firm constraints specified for the Phase B study, numerous

other restrictions were imposed as reasonable or desirable limits on the studies

and are discussed in Section 2.2. Many of these were derived from Launch Vehicle

or Spacecraft capabilities as defined in the general specifications. Various

aspects of the mission have been investigated parametrically to determine the

range of possible operating conditions. Major analyses are described in Section

2.3. Possible mission profiles which meet the major constraints were formulated,

Section 2.4, and the morning terminator lander selected as the most suitable

profile for the Capsule Bus objectives. Within the limits of this profile, a

specific landing site and the operational sequences were selected as a representa-

tive mission for the 1973 VOYAGER.

2.1 MISSION PHASES - Between the Earth launch and the post-landing operation on

Mars, the VOYAGER systems accomplish numerous activities. These activities are

generally divided into mission phases according to the principal system operation.

These major phases are described briefly in Figure 2.1-1.

The Capsule operation, other than checkout and in-flight monitoring, begins

while in Mars orbit as a part of the Planetary Vehicle. The Separation Phase con-

sists of the Sterilization Canister separation, followed by the Capsule Bus sep-

aration from the Spacecraft after a time delay. During the de-orbit phase, the

Capsule maneuvers to the proper attitude and fires the de-orbit motor. Orbital

descent includes capsule orientation and descent to 800,000 feet altitude. After

entry into the atmosphere, the ballistic flight slows the Capsule. A deployable

aerodynamic decelerator is used for additional retardation and separation of the

Lander from the Aeroshell. Atmospheric measurements are obtained during the

descent. The terminal deceleration phase is used to slow the Lander for touchdown

on the surface. The landing phase completes the entry data transmission. The

REPORT F694,VOLUME II •PART B •31 AUGUST 1967
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MISSION
PHASE

Pre launch

Launch

Injection and

Acquisition

Interplanetary
Crui se and

Correction
Maneuver

Arrival Date

Separation
Maneuver

Orbit Insertion,

Orbit Operation
and Trim

Separat ion, •

De-Orbit, and
Descent

Entry, Decele-
ration and

Landing

Landed

Operation

Post Landed
Orbital

Operations

PRIMARY VOYAGER

SYSTEM

Space Vehicle

Space Vehicle

Planetary Vehicle

Planetary Vehicle

Planetary Vehicle

Planetary Vehicle

Capsule

Capsule

Surface Lab

Spacecraft

MISSION PHASES

INTERVAL

Arrival of flight hardware at
KSC to final countdown

Final countdown into park-
ing orbit

Second burn of S-IVB to

separation from Planetary
Vehicle Adapter, stabili-
zation of vehicle attitude

From acquisition to
arrival

Between 2 and 20 days
after injection

Several days prior to

insertion to Spacecraft-

Capsule separation

In orbit to atmospheric

entry

800,000 feet altitude to
surface

Lifetime of landed

surface laboratory

End of surface lab

operations to end of orbit-

ing Spacecraft operations

OBJECTIVE

Preparation for launch

Launch into Earth orbit

Insertion into heliocentric

transfer trajectory

Transit to Mars with

suitable arrival condition

Provide time separation
of PV arrival at Mars

Establish a suitable orbit

for Spacecraft operations

and capsule de-orbit

Separation and entry of
the Capsule

Mars atmospheric flight

and surface landing.

Atmospheric data

acquisition.

Acquisition and trans-
mission of environmental

and biological surface data.

Orbital science

operat ion s.
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landed operations phase covers the operational life of the Surface Laboratory.

the discussion of the mission constraints, Section 2.2, these phases have been

combined for convenience into larger groups which are affected by the various

constraints.

In
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2.2 MISSION CONSTRAINTS - Mission constraints are defined as the practical

restrictions placed on a mission which limit its objectives or profiles. We

have defined mission as including all required activities during a specified

launch opportunity, from booster lift-off to the termination of experimental

operations. Further, we have defined mission profile as the continuous trajectory

contour that incorporates suitable provisions for all flight phases, operations,

and key events. Clearly only those constraints specified in Reference 2.2-1 for

the Flight Capsule System are considered firm for the McDonnell Phase B Flight

Capsule Study effort. However, we recognize that many of the restrictions

appearing in Reference 2.2-2 as "specifications" do indeed establish practical

limits for the several VOYAGER flight phases and therefore qualify as "Mission

Constraints." Furthermore, since the several flight phases are interrelated,

we recognize that compatibility between the Flight Capsule System and the other

VOYAGER systems is a necessary prerequisite to a satisfactory Flight Capsule

design. This compatibility can be established only by formulating our mission

profile concept within the overall bounds of "Mission Constraints" (both Flight

Capsule Constraints and other VOYAGER system constraints, termed VOYAGER Speci-

fications).

In this section a number of the principal mission constraints for VOYAGER

will be enumerated in terms of mission flight phases. The effects of these

constraints on the overall mission are then briefly discussed.

2.2.1 Types of Constraints - The numerous contributing disciplines and the

multimodule concept contribute heavily to the number and frequently contradictory

nature of the VOYAGER constraints. These can be grouped into types representing

the basic flight phases of the orbiter-capsule mission. Some of these are

enumerated by flight phase in the following paragraphs. The various constraints

will be specified along with the limiting magnitudes and the reference document.

Launch-ln_ection Phase Constraints reflect launch system performance capability

and schedule requirements. They represent the basic frame for mission placement

and for the mest part establish the launch opportunity. Launch-injection phase

constraints clearly fall into the "principal constraint" category. A summary

of these is presented in Figure 2.2-1.

Interplanetary Phase Constraints include those related to the interplanetary

trajectory, including midcourse correction and arrival time adjustment maneuvers.

A number of th_se constraints are most important to Flight Capsule System design,

They establish the permissible arrival period, arrival separation interval_ and
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contribute to the general specification of VOYAGER performance and requirements.

Important constraints representing this flight phase are shown in Figure 2.2-2.

Orbit Insertion Phase Constraints define the requirements and capabilities for

placing the Planetary Vehicles into acceptable Mars orbits for Flight Capsule

and Flight Spacecraft operations. They include the requirements to perform one or

more orbit adjustment maneuvers. One of the most important constraints to mission

profile formulation - Available Orbit Insertion Maneuver Velocity Increment -

is treated in this flight phase. This constraint defines the propulsive capability

of the Planetary Vehicle and thereby establishes the critical interface capability

between the adjoining flight phases - Interplanetary and Flight Spacecraft Orbit

Operations Phases. An impulsive AV of 1.72 km/sec is utilized. The constraints

related to this flight phase are presented in Figure 2.2-3.

Flight Spacecraft Orbit Operations Phase Constraints, tabulated in Figure 2.2-4,

treat the performance requirements for the acquisition and transmission of scientific

data from the Flight Spacecraft to the Earth. Besides satisfying the non-contamination

objectives of the VOYAGER program (planetary quarantine), Flight Spacecraft constraints

fall into this class of constraints.

Capsule Separation to Decelerator Phase Constraints treat the performance of

the Flight Spacecraft-Capsule separation and de-orbit maneuvers (including orbital

stay time and position), capsule descent on a selected trajectory through the Mars

atmosphere, and the acquisition and transmission of environmental and engineering

performance data to the Earth (via a relay link to the Spacecraft). See Figure 2.2-5.

Capsule Landing and Post-Landing Phase Constraints are shown in Figure 2.2-6.

These treat landing site selection and Earth communications requirements during and

following landing on the Mars surface.

2.2.2 Effects of Constraints - The McDonnell effort is addressed to the VOYAGER

Flight Capsule and is fundamentally concerned with mission conformance to de-orbit,

descent, landing, and post-landing type constraints. It is evident, however, that

a suitable mission cannot be established, or de-orbit through post-landing con-

straints completely satisfied, without careful consideration of the principal con-

straints for all of the flight phases. The various flight phases and thereby basic

flight phase constraints are interrelated and interdependent.

Of the large number of constraints variously specified for the VOYAGER program,

some can be satisfied within the frame of a given mission profile. Others must

be compromised or relaxed to some extent, and a few must be violated. The choice

and degree of compromise are of paramount importance in the formulation of mission
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FLIGHT SPACECRAFT ORBIT OPERATIONS PHASE CONSTRAINTS

I

CONSTRAINT

iEngineering Requirements
Attitude Reference

Occultation, Sun by Mars

Occultation, Canopus by Mars

Loss of Canopus Lock

Earth Communications

Operating Life

Science Requirements
Topocentric Television

Orbit Inclination

Periapsis Location

Terminator Central Angle

Terminator Plane Angle to'
Orbit Plane:

Periapsis Latitude
[ Period

!Earth Occultation Experiment
Latitudes

i Solar Zenith Angle

UV Experiment
Inclination

LIMIT OR MAGNITUDE

Loss not permitted

First 30 days: none

30 days to 6 months: 8% of period or 60 min

None permitted first 30 days in orbit

None permitted first 30 days due to stray light
flom Mars

30 days from insertion via fixed antennas

2 months with 6 month design goal

> 30° to Mars Equator - Surface Coverage

Near either terminator - Suitable Lighting
0° to + 45 ° (Lighted Side) for first 3 months
+ 90° to -30 ° for next 3 months

> 30° for first 3 months

No more than 1 month with Orbit Plane <30 °

for next 3 months

40°N to 60°S for 6 months

Near Subsynchranous

Wide range desired

Wide range desired

<:45° to ecliptic plane
iii

* CIT/JPL, SEO02 BB 001-1B21, Performance and Design Requirements for the
Specifications, 1 Jan 1967

REFERENCE

SE002BB001-1B21 *page 30
I 3O
I 30
i

3O
i

3O

I 29
i 46

30

8
30

31
31

31

30

7

31

31

31

973 Voyager Mission, General
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CAPSULE SEPARATION TO DECELERATOR PHASES CONSTRAINTS

CONSTRAINT
I

Separation Phase

Separation Maneuver
Effect on Flight Spacecraft

Accuracy

Separat ion Di stance

De-orbit Phase

De-orbit Maneuver

Time

Capability

Accuracy, Velocity Incre-
ment

Descent - Entry Phase

Engineering Considerations
Landing Site Accuracies

Entry Altitude

Landi ng Veloc ity
Data Transmission

Scientific Considerations

Television Experiment

LIMIT OR MAGNITUDE
I

Shall not cause loss of altitude

Velocity predictable to +-0.2 m/s (3a)
300 meters minimum before de-orbit

Maneuver

Nominally 3 to 12 days after insertion

Up to 30 days after insertion

Consistent with landing within 300km
of orbit plane and within a 30° central

angle range

500 km (with 300 km design goal) for 1973

800,000 ft (243.8 km)

<25 fps vertical and < 10 fps horizontal

Performance Data through landing phase

Impact point 15° to 30° from terminator

REFERENCE

(a)* page 12
(a) page 12
(a) page 13, 23

(a) page 19, (b)** page 31

(a) page 19, (b) page 31

(a) page 13, (b) page 48

(a) page 20, (b) page 32

(a) page 19, (b) page 8

(a) page 9

(b) page 31

* (a) CIT/JPL, PD 606-4, 1973 Voyager Capsule Systems Constraints and Requirements Document,
Revision 2, 12 June 1967

** (b) CIT/JPL, SE 002 BB 001-1B21, Performance and Design Requirements for the 1973 Voyager

Mission, General Specifications, 1 Jan 1967
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CAPSULE LANDING AND POST-LANDING PHASES CONSTRAINTS

CONSTRAINT

Landing Phase

Landing Site Selection
Desired Latitudes

Spacecraft View

Television Experiment

Surface Slope
Earth Communications

Post Landing Phase

Operating Life

Goal

Earth Communications

Date Transmission

Surface Slope

LIMIT OR MAGNITUDE

10°N to 40°S

High resolution pictures within 600 km

During and after landing
Up to 34° above local horizontal

Relay Link via Spacecraft

One Mars diurnal cycle plus data trans-
mission for 1973

24 Months

(Direct link) compatible with DSN

capability

Maximum prior to onset of Martian night

Up to 34° above local horizontal

REFERENCE

(b) ** page 8

(a)* page 19, (b) 31

(a) page 20

Co)page 28
(a) page 11

(a) page 4,16 (b) page 50

(a) page 4

(a) page 15,55, 56

(a) page 20

(a) page 28

*(a) CIT/JPL, PD606-4, 1973 Voyager Capsule Systems Constraints and Requirements Document,

Revision 2, 12 June 1967

**(b) CIT/JPL, SE 002 BB 001-1B21, Performance and Design Requirements for the 1973 Voyager

Mission, General Specifications, 1 Jan 1967
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profiles and thereby on system design concepts and capabilities.

A few constraints representing each of the several flight phases can be iden-

tified as "most indispensable" to the VOYAGER mission or the formulation of VOYAGER

mission profiles. The gross effects of these few constraints are described below.

Launch-lniection-lnterplanetary Phases - The principal constraints from the

launch, injection, and interplanetary phases establish the gross launch opportunities

for VOYAGER. As may be seen in Figure 2.2-7, the first order boundaries for the 1973

launch opportunity are defined from these flight phases. Maximum or limit values

for the following constraints are presented as a function of launch calendar date

and interplanetary transit time:

a. Declination of the outgoing asymptote, ¢ , corresponding to the minimum
s

daily firing window and permitted launch azimuth band.

b. Vis viva integral, C3, denoting launch vehicle injection weight capability.

c. Minimum permissible launch period to achieve a given or fixed arrival date

at Mars in terms of earliest and latest permissible launch date.

d. Maximum hyperbolic excess speed at Mars, VHp, establishing the spectrum

limit for these phases (and its limit capability for the insertion

maneuver of planetary vehicles).

The specification of Type I transit trajectories also constitutes a firm constraint

for the 1973 launch opportunity. Regions in which these constraints are violated

are indicated by cross-hatching.

Further, since the latest permitted arrival date and eight day arrival separa-

tion interval between planetary vehicles must be observed, the maximum available

1973 launch period is 52 days, extending from 16 July 1973 to 6 September 1973. The

corresponding interplanetary transit times range from 161 to 222 days (before arrival

separation maneuvers). It should be noted that no consideration of post-arrival

constraints (terminator, landing sites, communications, etc.) is incorporated in

these values.

Any point within this region represents a permissible Type I Earth to Mars

transit trajectory, subject to further constraint reduction. The spectrum of arrival

conditions is established by this region, and the remainder of the VOYAGER phase

constraints must be evaluated within it. It should be noted that some of these

constraints are stated in arbitrary terms (required firing window, launch period,

arrival velocity, etc.). Following the initial consideration of the mission profile

and design of the various hardware systems, a re-examination of these constraints

should be made relative to the capability of the designed systems and considering
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the source and justification of the constraints.

Orbit Insertion Phase Constraints identify the insertion propulsive capabilities

for the Planetary Vehicle. Since the primary purpose for this flight phase is to

achieve satisfactory placement of the Mars orbit, the principal phase problem becomes

insuring acceptable constraint interfaces between the adjoining flight phases.

To satisfy the overall constraint requirements for these adjoining phases, the

line of apsides must be rotated during the insertion maneuver. The amount of ro-

tation is defined by the mission profile requirements (morning terminator lander,

noon lander, evening lander, etc.). These and the arrival condition requirements,

especially arrival velocity or energy (which varies across the launch opportunity),

and the insertion propulsion capabilities of the Planetary Vehicle determine the

available launch opportunity for a given mission profile.

This effect is illustrated in Figure 2.2-8. Here, the available launch

opportunity is shown for a morning terminator type mission profile (landing at 25

degrees from the terminator from a 1,000-20,000 km altitude, 40 ° inclination orbit).

The maximum impulsive insertion velocity increment is 1.72 km/sec. In the fine

cross-hatched region, the sum of the orbit insertion and orbit placement require-

ments exceeds the propulsive capabilities of the Planetary Vehicle (1.72 km/sec)

and is thereby eliminated.

Flight Spacecraft Orbit Operations Phase Constraints affect the VOYAGER mission

profiles by contributing to the selection of the Mars orbit (size, inclination, and

apsides placement). For example, orbit lifetime (planetary quarantine constraints)

is a function of orbit size; occultation and communications requirements are

engineering constraints which influence orbit size, inclination, and apsides

placement considerations. Finally, Spacecraft scientific experiments, especially

television requirements, constrain surface lighting angles, surface regions, and

mapping frequency, thus affecting orbit selection in all three categories.

Capsule Separation to Decelerator Phase Constraints - Constraints representing

these flight phases influence Mars orbit selection and thereby mission profile for-

mulation. Surface lighting requirements for descent television and Flight Space-

craft-Flight Capsule communication restrictions during descent, coupled with the

de-orbit entry capabilities of the Flight Capsule, contribute heavily to orbit

apsidal position and size selection considerations. For example, the desire for

suitable surface lighting for descent television leads to Flight Capsule landing

near a terminator. This with descent trajectory design restrictions fairly well

establishes the position of the line of apsides and apsides rotation requirements

REPORT F694•VOLUME II • PART B •31 AUGUST 1967
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across the launch opportunity - see Figure 2.2-9.

Capsule Landing and Post-Landing Phase Constraints _ Maximum data acquisition-

transmission requirements and landing site region selection also affect profile for-

mulation. The acquisition and transmission of television data directly to the

Earth following landing, but prior to first Martian night, will position the landing

point near the morning terminator for good surface lighting (the sub-Earth point

is positioned in the Martian morning). Because the evening terminator is not

visible to the Earth, direct link Earth communication is not possible from this

position. The variation of Earth elevation angle across the available launch

opportunities is shown in Figure 2.2-10 for both morning and evening landing mission

profiles.

Summary Discussion - The simultaneous satisfaction of all VOYAGER constraints

is highly unlikely. (Several constraints are contradictory; for example, maximum

first day Capsule communications, good descent television lighting, and a large

central angle between the terminator and the orbit periapsis). However, it

appears that a compromised mission profile can be formulated to satisfy the

majority of the "most important constraints." Although the detailed discussion

will be left to a later section, it is appropriate to illustrate this compromise

by example.

Based on a highly elliptical, low periapsis type Mars orbit, the majority

of the constraints for both Spacecraft and Capsule can be satisfied through the

careful placement of the orbit periapsis between the areocentric directions of

the Sun and the Earth. This does not imply that such a periapsis placement would

be convenient to approach geometry or inexpensive to insertion propulsion require-

ments; however, most of the constraints related to such an orbit orientation appear

compromisable. This orbit placement would permit adequate mission communications

and acceptable celestial geometrical relationships for Flight Spacecraft scientific

and engineering requirements (with the possible exception of Canopus sensor loss

of lock for early launch profiles). Compromise possibilities exist for landing

point selection, Capsule descent-landing constraint satisfaction, and Spacecraft

orbit selection.
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2.3 ANALYSES - Engineering studies of major VOYAGER mission performance problems

have been made to determine feasible solutions and to evaluate alternatives. These

problems are of two general types - orbit operations and capsule flight. The orbit

phase covers the Planetary Vehicle or spacecraft operations. But, because these

operations are the initial conditions for the Capsule Bus flight, analysis of the

variations is necessary to determine the range of initial capsule conditions. In

addition, the location of the orbit restricts the available landing locations for

the Surface Laboratory.

Studies have been made of the various capsule flight phases: separation, de-

orbit, atmospheric flight, auxiliary aerodynamic decelerator, and terminal pro-

pulsion. Consideration of the landing site is followed by a discussion of the

differing mission requirements of spacecraft, capsule, and Surface Laboratory.

2.3.1 Orbital Analyses - Orbital operations of the Planetary Vehicle cause a

number of problems which must be considered in the mission selection of the

Capsule Bus. The minimum orbit size must be sufficient to maintain a i0 year orbit

lifetime of the unsterilized systems, The technique for orbit insertion has been

investigated because the orbit plane defines the primary plane of the capsule

flight and landing. Particular placements ol the orbit will cause the spacecraft to

lose sight of Earth for communications, the Sun for solar power, and Canopus for

orientation. These occultations have been considered in the selection of a

preferred capsule mission.

2.3.1.1 Orbit Lifetime - An important element in the Flight Capsule design is

the influence of orbit lifetime on the selection of the descent trajectory. The

initial conditions of this trajectory are dependent on the orbit size. The min-

imum range of allowable orbit sizes is determined by the orbit lifetime require-

ments resulting from the planetary quarantine constraint. This constraint specifies

that the probability of contaminating Mars by VOYAGER space vehicle borne terrestial

organisms shall not exceed 10-3 for all years up to and including 1984. Since Mars

arrivals are planned to start in 1974, a minimum orbit lifetime of i0 years must be

provided. In this analysis of the orbit lifetime, only orbit decay due to atmos-

pheric drag is considered.

In Reference 2.3-1 the ratio of orbit lifetime and the ballistic parameter

(m/CDA) of the orbiting body is related to the size of the Martian orbit. The data

were computed for an early estimate of the Mars atmosphere. These data have been

adjusted for more recently estimated Martian atmospheres by the methods of Reference

2.3-2. A conservative estimate of Martian orbit lifetime has been obtained by

REPORT F694•VOLUME II • PART B •31AUGUST 1967

MCDONNELL A.gTRONAUTIC.9;J

2-19



scaling the data to the atmosphere (VM-3) with the highest density at orbital

altitudes (Reference 2.3-2). The range of allowable orbit sizes with a ten year

lifetime is shown in Figure 2.3-1. The shaded band is an estimate of the orbit size

allowed for the unsterile Flight Spacecraft, The minimum periapsis altitude for

a ten year orbit life is 520 to 560 km, for apoapsis altitudes of 20,000 and i0,000

km respectively. However, the orbit size is more limited by in-orbit separation of

the Sterilization Canister, which has an unsterile exterior surface. The periapsis

altitude must be raised to 660 km for the 20,000 km apoapsis altitude and 720 km for

the i0,000 km apoapsis altitude.

Design of the Flight Capsule has not been limited to these minimum periapsis

altitudes because additional data from the 1969 Mariner fly-by may indicate that

the present analysis is too conservative. Pending a change, the mission operation

has been limited to a minimum orbit altitude of 720 km.

2.3.1.2 Orbit Insertion - The orbit around Mars must be positioned to provide a

proper capsule descent and landing. The orbit positioning is accomplished during

the insertion maneuver, when the Spacecraft propulsion subsystem slows the

Planetary Vehicle, allowing capture into orbit by the target planet. This analysis

investigates various methods of insertion from the interplanetary approach trajectory.

It is assumed that the insertion maneuver is a transfer from a point on the

approach hyperbola to a point on an elliptical Mars orbit. Two-body mechanics are

utilized to compute the impulsive velocity increment required for the transfer.

Only the range of orbit size and hyperbolic energy specified in the Performance and

Design Requirements Document for the 1973 VOYAGER Mission are considered_ Thus,

hyperbolic excess velocity is limited to 3.25 km/sec, and orbital altitudes range

from 500 to 1500 km periapsis, and i0,000 to 20,000 km apoapsis.

Orbit Insertion Techniques - several methods have been investigated for the

orbit insertion maneuver. The most promising techniques, depicted in Figure 2.3-2,

are as follows:

o Periapsis Insertion - Periapsis insertion into the Mars orbit at the

periapsis of the approach hyperbola.

o Tangent Insertion - Insertion into the Mars orbit at the point of tangency

between an approach hyperbola and the desired Mars orbit, The periapsis

insertion is a special case of the tangent method whwere the hyperbola-ellipse

periapses conicide.

o Parking Orbit Insertion (two impulses) - Insertion into an intermediate

circular parking orbit at the periapsis of the natural approach hyperbola.
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The altitude of the intermediate circular parking orbit corresponds to an

apsis altitude of the final elliptical orbit. A second impulsive velocity

increment is applied to establish the final elliptical orbit.

o Parking Orbit Insertion (three impulses) - Insertion into an optimum

circular parking orbit followed by a second impulsive maneuver to establish

the apoapsis altitude and the line of apsides orientation. A third maneuver

is then required to establish the final elliptical orbit.

The first two are single impulse insertions; the others are two and three impulse

insertions, respectively. Periapsis insertion does not permit orbit rotation; the

other methods permit adjustment of the orbital line of apsides with respect to the

natural approach direction. Other methods including periapsis deflection techniques

of one and two impulses and various retrograde insertion techniques did not appear

sufficiently encouraging after cursory examination.

Orbit Insertion Energy Requirements - A comparison of the capability for the

various insertion techniques is presented in Figure 2.3-3. The total velocity

increment required for an impulsive insertion into a 1000-20,000 km altitude Mars

orbit is presented as a function of hyperbolic excess velocity, VHp.

The periapsis insertion technique represents the minimum velocity increment

case for the insertion maneuver. A periapsis to periapsis transfer is required

between the approach hyperbola and the final elliptical orbit. No adjustment in

the orientation of the final orbit (periapsis placement) is possible with this method.

The parking orbit techniques offer complete freedom for the selection of the

final orbit orientation. That is to say the final Mars orbit periapsis placement is

independent of the periapsis location of the approach hyperbola, However, the

required insertion velocity increments are quite large, ranging between 2.3 km/sec

for the minimum three impulse method at VHp = 2.4 km/sec, to more than 3.3 km/sec for

the two impulse method at VHp = 3.25 km/sec.

The tangent insertion method is illustrated for rotation angles to 80 degrees.

The rotation angle for the tangent technique refers to the areocentric angle between

the final orbit periapsis and the periapsis of the approach hyperbola.

The periapsis insertion technique is inadequate for the VOYAGER mission. Orbital

orientation giving desirable initial conditions for the Flight Capsule descent tra-

jectory cannot be completely achieved without an orbit periapsis adjustment (rota-

tion of the natural line of apsides). The insertion velocity increment requirement

for the several parking orbit techniques exceeds the propulsion capability for the

insertion maneuver - 1.72 km/sec. The tangent insertion technique is the
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only method of orbit insertion with sufficient potential to warrant further

consideration. This technique combines versatility in placement of the periapsis

for the final elliptical orbit and acceptable insertion velocity increment

requirements.

The effect of orbit size on the tangent method of orbit insertion is presented

in Figure 2.3-4. The variation of insertion energy with rotation angle, apoapsis

altitude, and periapsis altitude is shown. Variation of rotation angle influences

the velocity increment requirements much more than orbit size. For a given orbit,

the velocity increment increases as the orbit rotation angle is increased. For

a given degree of rotation, the velocity increment slightly decreases with lower

periapsis altitude; the required insertion energy increases as the apoapsis

altitude is lowered. However, the variation of the insertion energy requirements

with orbit size is sufficiently low to allow utilization of all the orbit sizes

presently considered (500 to 1500 km periapsis altitude, i0,000 to 20,000 km apoapsis

altitude).

Conclusion - A single tangential retrograde impulse applied to the approaching

Planetary Vehicle gives the most orbit positioning flexibility for the propulsion

expended. Furthermore, within the range of feasible Mars arrival energies and

desirable orbit sizes, maximum positioning flexibility is achieved by utilizing the

largest size orbits! However the variation of insertion energy with orbit altitude

is small for the range of orbit sizes considered.

2.3.1.3 Occultation Characteristics - One of the factors in the selection of a

satisfactory spacecraft orbit is the prevention of Sun, Earth, and Canopus

occultations during certain periods after orbit insertion. Therefore, comparisons

have been made of the occultation zones of avoidance for the three bodies as

functions of inclination, orbit size, arrival date, and orbital motion.

Since the orbit serves as the initial condition for the Flight Capsule operation,

the orbit selection is of interest to the Capsule. Minimal Sun occultation is im-

portant to the Spacecraft since the view of the Sun is necessary for spacecraft

solar power; a loss of view requires the use of the Spacecraft batteries, Loss of

view of the Earth from the Spacecraft ends data transmission until the Earth comes

back into view, Canopus loss requires the Spacecraft to go to an inertial hold until

it can be reacquired. By knowing the orbit orientations where occultations be_in,

the orbit's periapsis can be designed to fall within the zone of avoidance.

With respect to the Sun, Mars casts a shadow cylinder of infinite length

(Figure 2.3-5). The intersection of the Flight Spacecraft orbital plane with the
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shadow cylinder defines the shadow ellipse. Three possible configurations of the

shadow and orbit ellipses can occur (See Figure 2.3-6). They are (i) no intersection

of the two (no occultation), (2) the two ellipses are tangent at Point A (the limiting

condition), and (3) the two intersect at Points B and C (occultation). By equating

the radii of the two ellipses and the magnitudes of their slopes, the solution for

the limiting case follows in terms of relative anomalies. Calculations for the

Earth and Canopus use the same procedure. This solution technique was used to

analyze the orbit occultations for various mission profiles.

After determining the occultation characteristics for the orbit at insertion, a

time history of the characteristics is the next step in the occultation analysis.

Assuming an oblateness coefficient, J2' equal to 0.00195, the rates of apsidal

precession and nodal regression appearing in Figure 2.3-7 are appl_ed to recalculate

the limits for a given number of Martian days after insertion. These assumptions and

approximations were also made: Mars atmosphere has no effect; its orbital equinox is

fixed and well known; the position of Canopus is fixed with respect to the equinox over

the periods considered.

Occultation Analysis - Sample occultation analyses for three different mission

profiles are shown in Figure 2.3-8. Each uses a 1000-20,000 km altitude orbit with

40 ° inclination to the Mars equator. The Morning Lander for launch on 7 August 1973

(See Section 2.4 for additional discussion and definition of profiles) shows a no-

occultation zone for late arrival. The width of the zone ranges from 70 ° at insertion

to 142 ° after 30 days in orbit. With a later launch the acceptable zone is extended

(148 ° to 226°). In both cases, the actual periapsis falls within the non-occulted

zone. However, an evening lander not Only has Sun occultations for the first 5 days

in orbit, but Earth occultations for all 30 days.

In a search for ways to improve the occultation characteristics, variations in

orbit parameters were studied. Examining the effect of inclination, it is apparent

that for different values of inclination, a trade-off occurs among the three bodies

as to which is most dominant. For inclinations from 30 ° to 60 °, the Sun, Earth, and

Canopus are all susceptible to occultation regions; but at low inclinations the

latter has a relatively narrow band compared to the other two. As the inclination

increases, approaching the magnitude of the latitude of the sub-Canopus point, the

star's occultation zone increases. Depending upon the periapsis selection, occul-

tations may sometimes occur for all 30 days; the Canopus zone limit is nearly parallel

to the periaps_s precession, instead of intersecting as it does for Earth and Sun
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occultations.

While a variation in inclination greatly changes the occultation characteristics,

orbit size has a small but consistent effect on the zones, A smaller orbit

(i000-i0,000 km altitude) always creates a larger occultation zone than a larger

orbit (1000-20,000 km altitude). In regions of small occultation zones, the effect

is very small. But where much of the no-occultation zone has been eliminated, the

smaller of the two orbits eliminates the zone entirely. The effect of orbit motion

on a smaller orbit tends to widen the no-occultation zone more rapidly as time in-

creases. This is a result of the more rapid nodal regression (Figure 2.3-7) of the

smaller orbit, causing a larger relative rate of longitudinal separation between the

_Lode and celestial body positions.

For two Planetary Vehicles arriving within 8 days of each other, the later

arrival date has less occultation, Because the two orbit locations are very similar,

the difference is usually comparable to shifting the occultation characteristics

with time in orbit.

Minimum Limb Angle - Although a Canopus occultation may not occur, the question

of how close it comes to being occulted is important to the Canopus star tracker.

Spacecraft sequencing may require inertial attitude holds for periods when the limb

angle (Canopus - spacecraft - edge of Martian disk) is small. Since the design

limit on the Canopus limb angle is dependent upon the installation of the star sen-

sor, too small a limb angle could create difficulties by permitting stray light to

confuse the Canopus sensor.

The minimum limb angle is presented in Figure 2.3-9. It is shown as a function

of nodal position for various arguments to the periapsis, and at 25 ° from a morning

terminator landing. The figure indicates an ability to increase the minimum angle

by small changes in orbit orientation. Section 2.4.3 mentions the variation of limb

angle for other parameters shown above.

Shadow Times - If an occultation does occur, the length of time spent in the

shadow is of interest. The evening terminator lander shown in Figure 2.3-8,

demonstrating both Earth and Sun occu_tations, has its shadow times presented in

Figure 2.3-10. When the shadow times for the two orbits are compared, there seems

to be very little difference; but when the percentage of time spent by the space-

craft in the shadow per orbit is investigated, the smaller orbit becomes less

desirable. A spacecraft in the smaller orbit spends twice as much time per orbit

in the shadow as a spacecraft in the larger, 6.4% to 3.1% for the Sun, and 9.3% to

4.7% for the Earth. The Earth occultation occurs shortly after insertion, causing
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a communications loss at a critical time in the mission.

Concluding Remarks - In the preceding analyses, evening and morning terminator

landers have been discussed for separate launch and arrival dates. For purposes

of summarization, it is advantageous to show these different landers for the same

profile (Figure 2.3-11). Assuming that all landings shown are permissible for a

given orbit inclination (a condition not fulfilled by a 40 ° inclination), the

argument to the periapsis is a function of the type lander chosen. This parameter

is critical to the type and amount of occultation for any profile.

For all three landings shown, there are Earth occultations. The time occulted

varies from 5 to 30 days from morning to evening lander. A 40 ° rotation of the

morning lander toward the near Sun occultation limit causes 30 days of Canopus

occultation. The same rotation for an evening lander causes 16 days of Sun

occultation and maximizes for periapsis variation, the "minimum Canopus limb angle."

In terms of orbit occultation characteristics, acceptable orbits for the 1973

opportunity exist. In the majority of cases, by manipulation of orbit parameters,

suitable orbits exist for most mission profiles (See Figure 2.3-12 for a summary of

the merits of the different type landers). But the results of this occultation

study have shown that an evening terminator lander is the least conducive to good

occultation characteristics. The morning and forenoon landers, however, need little

or no changes in their parameters to meet occultation constraints.

2.3.1.4 Spacecraft Overflight Considerations - A preliminary investigation was

made of the use of the spacecraft for post-landed telecommunications relay to Earth.

Both the elevation angle from the Surface Laboratory to the Flight Spacecraft and

the relative range are of importance to the design of the transmitter and antenna.

The spacecraft is not visible above the 34° design slope limit within 48 hours after

the orbit for descent and landing except in rare instances for the i000 - 20,000 km

altitude orbit. When the spacecraft is visible, the range is greater than the

i0,000 km range capability of the relay transmitter. Decreasing the orbit inclin-

ation from 40 ° to 30 ° does slightly decrease the range and increase the elevation

angle. However, the improvement is not significant. A comparison of the effects

of launch date on the elevation angle, relative range, and orbital tr_ce indicates

that the later launch is slightlymorehelpful, ard provides a short period relay

approximately 28 hours after landing. Varying the periapse latitude provides no

significant variation in elevation angle or range. Changing the descent trajectory

will not affect the orbital trace, but will provide a change in landing site with only

a little variation in elevation angle. The most significant parameter is the orbit
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size. Decreasing the orbit apoapsis will shorten che orbital period, providing more

opportunities for relay, Figure 2.3-13. However, an orbit with a period which is

half of the Mars diurnal period provides good view angles and short ranges once

each day. The orbital traces for several orbits are shown in Figure 2.3-14. The

longitudinal displacement between successive orbits is shown in Figure 2.3-15 to be

nearly linear with apoapsis altitude. Since orbital relay is available only for

specific periods and causes several design difficulties, this method of SL data

transmittal for the one diurnal cycle lifetime has not been selected. The primary

primary difficulty is that it requires continuous transmission unless timing and

a tracking antenna can be utilized to transmit only when the Spacecraft is in

sight.

Orbit sizing to provide an orbital period compatible with Mars rotation does

not provide the most desirable orbit traces for mapping. For mapping, it is

desirable to obtain non-repetitious overflights for several days, which may then be

repeated for higher resolution pictures of significant topographic points. If

images from the spacecraft overflight are to be used to confirm a particular site,

the orbital stay time to obtain a view of the same area is dependent on the size

of the orbit and the field of view of the spacecraft camera. Figure 2.3-16 shows

for a large orbit that the Spacecraft must remain in orbit approximately 5 days to

obtain photographs of the same landing site. For a smaller orbit, slightly over

two days is required. With an apoapse altitude of nearly 18,000 km, the orbital

trace will repeat in approximately two orbits or one day.

2.3.2 Capsule Bus - Flight Spacecraft Separation - The separation sequence must

provide a velocity increment such that more than 300 m separation (See Reference

2.3-3) is achieved prior to de-orbit. It must also provide adequate separation

between Capsule Bus and the Sterilization Canister and avoid any recontact. Portions

of the sequence are discussed in other sections. Separation true anomaly and de-orbit

angles are discussed in Section 2.3.3. The use of Capsule Bus attitude control

thrusters to accomplish the separation velocity increment is discussed in Section

5.2.

Linear separation dynamics have been simulated by a solution of Kepler's

equations using vector formulation. Separate trajectories for the Sterilization

Canister, the Capsule Bus, and Flight Spacecraft along with de-orbitalignment

angles are computed. The following parametric studies of separation are based on

the simulation results. A general result is that orbital effects are small for

linear relative motion in the period of interest but are significant with respect
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to required attitude maneuvers.

In order to determine that adequate separation is achieved, studies of para-

meters affecting time,relative velocity,and attitude are described. Major con-

tributors to separation velocity uncertainties are discussed. They determine

required margins for separation velocities and required attitude control.

Recommendations for the preferred concept are made based on the data.

2.3.2.1 Elapsed Time - As it is required to achieve a 300 m separation distance,

the required relation between velocity increment and elapsed time is shown in

Figure 2.3-17. The primary restriction on the velocity increment is magnitude. A

large velocity magnitude requires more impulse and therefore, more weight. Several

time considerations are important:

Maneuvers - A minimum time is required to complete the separation thrusting

and attitude maneuvers. Considering thrusting time to be short and that three

maneuvers at one degree/second are required, the resulting minimum time is on the

order of i0 minutes.

Attitude Reference Accuracy - A maximum time interval exists over which

attitude accuracy requirements are met. Part C, Section 9.5,gives this time as 29

minutes.

Aeroshell Thermal Control - The time interval which is significant for thermal

control includes 5 minutes delay between Sterilization Canister separation and

Capsule Bus separation, and 5 to 6 minutes for de-orbit and final attitude maneuvers.

This, with the above 29 minutes, results in a total elapsed time of 40 minutes.

The discussion of Part A, Section 3.2.5.3, indicates 40 minutes is longer than

desirable.

The following analyses will use 20 minutes between Capsule Bus separation and

de-orbit in order to improve thermal considerations while allowing time for attitude

maneuver flexibility. This results in a minimum velocity increment of .82 ft/sec.

2.3.2.2 Attitude Maneuvers - Two orthogonal rotations are required to align the

de-orbit thrust. The first (roll) is required to orient the second rotation and can

be limited to ! 90 degrees. The second (pitch) is defined to be the angle between

the Capsule Bus Z axis at separation and the Capsule Bus velocity vector atde-orbit,

Figure 2.3-18. This assumes the desired de-orbit angle is zero. While this angle

could range ! 180 degrees, Figure 2.3-19 shows the pitch angles for the expected

range of true anomaly at separation.

The pitch angle is of additional interest as it is an indication of the

directions the Capsule Bus and thrust particles will move relative to the Flight
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Spacecraft after de-orbit. None of the cases shown in Figure 2.3-19 result in

thrust particles being directed at the Flight Spacecraft. For greater orbital

variations or non-zero de-orbit angles, it is possible to direct thrust products

in the direction of the Flight Spacecraft. Additional discussion is given in

Section 2.3.3.

2.3.2.3 Relative Range - Relative ranges from the Capsule Bus to both the

Sterilization Canister and the Flight Spacecraft are shown in Figure 2.3-20. Re-

contact does not occur between the Capsule Bus and the Sterilization Canister if

sufficient margin between the respective separation velocity magnitudes is pro-

vided. This requires that separation velocity uncertainties be determined.

2.3.2.4 Separation Velocity Uncertainties - Possible contributors to separation

velocity uncertainties are attitude control forces and thruster shutdown

uncertainty.

Thruster Shutdown - Separation thrusting could be terminated by measuring

time change (AT) or velocity change (AV). The characteristics of the two are

compared below:

A T _V

i. requires computer logic

to make a time test

2. minimum time increment

0.i sec or 0.06 ft/sec

3. attitude control reduces

the net velocity change

0.06 ft/sec

i. requires computer logic

to make a velocity test

and uses an existing subroutine

2. minimum velocity increment:

0.25 ft/sec

3. attitude control does not

affect the net velocity change

Attitude Control Forces - Planetary Vehicle attitude rates are due to deadband

rate at termination of Planetary Vehicle attitude control and Sterilization Canister

separation. Deadband rates are small. Since the Planetary Vehicle is heavier than

the canister and since the canister separation method is symmetric, canister sep-

aration induced rates are expected to be small.

Capsule Bus release induced attitude rates are also expected to be small due

to physical symmetry. However, one deg/sec is assumed to be a worst case accumu-

lation of the above effects, which results in a velocity loss of 0.018 ft/sec.

Capsule Bus separation will be made by Capsule Bus attitude control jets.

This will induce a moment depending on c.g. offset. The velocity penalty is less

than 0.01 ft/sec for present c.g. offsets. The fact that these jets will be cold
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indicates a possible non-uniform firing. A maximum estimate is 60 ms; this results

in a direct velocity loss of 0.016 ft/sec and a velocity loss due to attitude control

of .01 ft/sec for a total loss of .026 ft/sec. The root sum square of these contri-

butions is 0.033 ft/sec, which is less than the 0.06 ft/sec stated under _T shutdown.

Capsule Bus attitude control after separation contributes less than 0.i ft/sec.

2.3.2.5 Recommendations - The recommendations based on the above data are to terminate

separation thrust based on a pre-set timeinterval, to use a Capsule Bus separation

velocity (_VcB) of 1.0 ft/sec or more,to provide velocity margin between the Capsule

Bus and Sterilization Canister of 0.4 AV CB' and to allow an elapsed time of 20 minutes

before de-orbit. It is also recommended that attitude control be provided during sep-

aration thrusting since this does not result in significant velocity penalty and will

reduce the likelihood of recontact in the event of a thruster failure.

2.3.3 De-orbit - De-orbit of the Flight Capsule occurs when its velocity vector is

changed by the increment provided by the de-orbit motor. The magnitude and direction

of this velocity increment and its point of application (de-orbit anomaly) determine

the de-orbital descent trajectory of the capsule and the flight conditions at entry.

From the range of de-orbit anomalies and velocity increments which satisfy require-

ments imposed by the entry corridor, the communications subsystem, and landing site

selection, the preferred de-orbit conditions are those which maximize Flight Capsule

performance. Maximizing performance requires

a. reducing delivery system weight by limiting the de-orbit velocity increment,

the de-orbital descent time, and the pressure and thermal loads

b. maximizing landing site selection flexibility

c. reducing landing site dispersions

d. retaining operational flexibility.

Limiting values of de-orbit anomaly and velocity satisfying the constraints will vary

as a function of the planetary orbit which establishes the initial conditions for

this phase of the Capsule mission. Of particular interest in this analysis is the

determination of the de-orbit velocity increment magnitude or range of magnitudes

because it governs the sizing of the de-orbit propulsion subsystem. Analysis of

the de-orbit maneuver, Figure 2.3-21, is limited to consideration of the planetary

orbits which were found feasible in Section 2.3.1 and to the entry corridor described

in Section 2.3.4. The de-orbit maneuver and descent bridge the mission between orbit

and entry.

2.3.3.1 Entry Corridor - Design entry limits for the Mars atmospheric flight

were established (Part A, Section 2) as criteria for the structural, loads, and

REPORT F694•VOLUME II •PART B •31 AUGUST 1967

MCDONNELL ASTRONAUTICS

2-49



SCHEMATIC OF DE-ORBIT

Spacecraft
Orbit

ORBITAL PLANE

Capsule

De-Orbit

hp h a

VELOCITY VECTOR AT DE-ORBIT

AV

V

Yl Y0

Local

Horizontal

REPORT F694•VOLUME TT • PART B •31AUGUST 1967

MCDONNELL ASTRONAUTICS

Figure 2.3-21

2-50



heat protection analyses of the Capsule Bus. Matching de-orbit conditions to the

entry conditions of the design entry corridor are shown in Figures 2.3-22 and 2.3-23._

The de-orbit anomalies for both large and small orbits fit within the prescribed entry

corridor and can increase to higher anomalies. The descent time variation (i to 6

hours) is of importance for power requirements, attitude control if used, and thermal

control during descent. The entry velocity is shown in Figure 2.3-24 to be affected

considerably by the apoapsis altitude with small variations due to periapsis altitude.

Flexibility in entry anomaly is obtained by varying the application angle ( 8 )

of the de-orbit velocity increment. Figure 2.3-25 shows a variation of entry anomaly

which can be obtained. Additional variation could be obtained by applying the velocity

increment to make the initial flight path angle more shallow.

2.3.3.2 Landing Anomaly - The orbital location of the landing site is important for

two reasons. First, to obtain a landing anomaly in a desired landing area, the orbit

size, inclination, and periapsis location must be adjusted by orbit rotation at

insertion. This problem of orbit insertion was discussed in Section 2.3.1. Second,

the landing anomaly is important to the post-landing view of the spacecraft. Use of

the Capsule Bus telecommunications relay link to the spacecraft immediately after

landing is highly desirable. A five minute period is desired with the spacecraft

in view of the landed capsule. If the landing occurs near the orbit periapse, the

spacecraft can pass out of view of the capsule very quickly.

The variation in landing anomaly due to entry angle is shown in Figure 2.3-26 for

a i000 - 20,000 km altitude orbit using zero deflection angle. The landing anomaly

moves toward periapsis as the de-orbit anomaly is increased and as the entry flight

path angle becomes more shallow. The spread in landing site due to the atmospheric

model becomes large for the shallow entry angles. VM-9 is the most dense atmosphere

at high altitudes (high scale height). This causes the Capsule to be retarded more,

decreasing the range,but increasing the flight time. VM-8 is one of the less dense

atmospheres. The variations in atmospheric flight range and time are discussed in

detail in Section 2.3.4.

Landings from smaller orbits occur at lower anomaly for the de-orbit maneuver

near apoapsis as shown in Figure 2.3-27. However, with more shallow entry angles,

the apoapsis altitude has less effect on the landing anomaly.

2.3.3.3 Communications Constraints - For communication relay from the descending

Capsule Bus to the orbiting spacecraft, the primary geometric constraints on the

relative spacecraft-capsule geometry are:
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o line-of-sight between the two bodies - required for radio relay, including

post-landing view for ESP data transmission

o angle between the capsule roll axis and the spacecraft - affects beamwidth

and antenna pattern of capsule

o angle between the spacecraft roll axes and the capsule - affects spacecraft

antenna pattern equipment

o relative altitudes and central angle between the two bodies - range between

the two bodies affects the power requirements of capsule transmitter;

relative geometry affects the reflection of transmitted signals from capsule

to Mars surface to spacecraft as compared in time and strength to the

direct capsule to spacecraft signal

o choice of the steepest entry compatible with other mission requirements.

The capsule is oriented immediately after de-orbit at the desired entry atti-

tude and attitude-controlled during the extra-atmospheric flight. Using these

capsule attitudes, the planar look angles from the capsule to the spacecraft do not

change greatly with descent time, Figure 2.3-28. A change in the de-orbit con-

ditions to modify the entry angle, velocity, or location causes a shift in the level

of the look angle. For a smaller orbit, Figure 2.3-29, the descent time is

shortened appreciabl_ but the look angle variation is not changed significantly.

Range from capsule to spacecraft is also shown in Figures 2.3-28 and 2.3-29.

For the final relay of CB data after landing, the spacecraft must remain within

view of the landed capsule. Post-landed view time from the capsule to the

spacecraft with no deflection (8 = 0 °) decreases as the de-orbit anomaly moves

away from the apoapse, Figure 2.3-30. Eventually, a de-orbit location is reached

where the spacecraft has passed from view before capsule landing. The more shallow

entry angle provides more post-landed view time of the spacecraft. These calcu-

lations were based on a minimum elevation angle of 34 ° for view of the spacecraft.

Significant increases in view time are available if the capsule lands in a more

level area. A minimum of 2-1/2 minutes is considered desirable to relay all CB

d_ta; 5 minutes has been used as a conservative goal.

Increasing the periapsis altitude will provide more view of the spacecraft,

Figure 2.3-31. However, a smaller apoapsis altitude provides a greater range of

de-orbit anomalies which have a 5 minute minimum post-landed view time. Variation

of the de-orbit deflection angle also can increase the available view time signifi-

cantly, Figure 2.3-32. For de-orbit at anomaly of 210 ° , the view time can increase
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150 sec with 20 ° deflection angle.

In addition to the desired post-landing view, two other communications

restrictions must be considered. The first limit is that the spacecraft must be

visible from the trailing horizon of the landed capsule. On a level landing

area, this presents no real restriction in the anomaly range under consideration.

However for a 34 ° local slope, the spacecraft cannot lag the capusle by an ex-

cessive amount (20 ° to 40 ° depending on the orbit size and landing anomaly). This

limit on de-orbit anomaly does not affect the small orbit using a steep entry angle.

The other communication limit is related to the multipath problem and is discussed

in Section 5.5. This boundary as defined by range and location at capsule entry

does not cause a significant reduction in the available de-orbit window, Figure 2.3-33.

2.3.3.4 De-orbit Window - In addition to the limits on de-orbit which have already

been discussed, other requirements (de-orbit velocity and minimum exhaust product

contamination of the spacecraft) must be met to obtain a satisfactory de-orbit

window. In particular the de-orbit propulsion increment must be minimum to reduce

the weight,but maximum for operational flexibility. The velocity increment is

minimum at orbit apoapsis and increases significantly with de-orbit anomaly,

Figure 2.3-34. To obtain a -20 ° entry angle near apoapsis requires approximately

twice as much impulse as the shallow graze entry angle. Because of its lower

eccentricity, a smaller orbit requires more impulse at apoapsis (Figure 2.3-35) to

enter at the steeper angle. At higher anomalies the effect of a small apoapsis

altitude is decreased. Considering the effect of other constraints (entry

corridor, descent time, communications, etc.), it appears that a de-orbit

velocity increment of 700 to 1200 ft/sec is required. For the preferred design,

a total increment of 950 ft/sec was selected as a compromise between minimum

requirement for de-orbit and maximum for operational flexibility.

The de-orbit window, as bounded by view of the trailing spacecraft at capsule

landing and by an effective, maximum de-orbit velocity increment is reasonably large,

Figure 2.3-36. For the i000 - 20,000 km orbit, de-orbit can be made between 183 °

anomaly and 237 °. The landing anomaly varies from 324 ° to 358 °. This provides

more range of landing anomaly than the 30 ° desired. However, using the limitation

of 300 seconds post-landed view time, the window is cut sharply for the i000 - 20,000

km altitude orbit. The de-orbit range is approximately 23 ° and the landing anomaly

variation is only 26 °. This window may be increased in several ways:

o less steep slope; the 34 ° slope is a maximum and a lower slope at

landing increases view time significantly
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o less dense atmosphere; VM-9 is the most severe

o use the complete design entry angle range, -20 ° to graze,rather

than -15 °

o use de-orbit deflection angle to shorten the capsule flight range

o decrease the desired post-landing view time.

The use of deflection angle is a relatively simple technique to increase the

flexibility. An attitude maneuver of the capsule is already required before and

after the de-orbit firing to orient the capsule first with the velocity vector and

second at the entry attitude. A 40 ° variation of deflection angle can change the

landing anomaly approximately 6 °, Figure 2.3-37. However increased deflection

requires more de-orbit velocity.

Another consideration of de-orbit deflection is related to the possible ex-

haust effects on the spacecraft. When the solid propellant subsystem was first

examined, it was believed that an aluminized propellant could not be used because

of the potential problem of the aluminum oxide particles in the exhaust interfering

with the spacecraft star tracker. A cursory examination of the problem was prompted

because of the higher performance of the aluminized propellant.

Solid particles in the exhaust are confined to a cone described by the rocket

nozzle exit (approximately 15 degrees included half angle). Particles contained

within this cone may or may not intersect the orbit of the spacecraft, depending

upon the orbital relationship between the two bodies. The relationship is des-

cribed by the angle between the Capsule Bus Z axis before maneuvers and the Capsule

Bus Z axis orientation at de-orbit. Since the de-orbit orientation is in the orbit

plane, the orbit plane describes the locus of all expected de-orbit orientations.

The minimum angle between the plane and the initial Z axis can be found and is on

the order of 40 deg. This results in a relative attitude margin of 25 deg or more.

In the anomaly region of de-orbit, the Capsule Bus will separate to an orbit

higher than that of the spacecraft and, most likely, slightly out of plane with the

spacecraft orbit. For larger de-orbit anomalies with negative de-orbit deflections

the minimum relative attitude will be reached. At anomalies near apoapsis, the

angles between the nozzle centerline and the relative position vector of the two

vehicles is larger (Section 2.3.2). In these cases, with the high exhaust velocity

imparting a large curvature escape trajectory to the particles, the potential of

_haust interference may, for all practical purposes, be eliminated by a judicious

choice of separation anomaly and capsule de-orbit attitude. Consequently, the use

REPORT F694•VOLUME II •PART B •31 AUGUST 1967

MCDONNELL ABTRONAUTICS

2-69



(3o

"O

I

E
O
t-

<

=..

354

350

346

342

338

334

33O

326

322

318

314
>
L.A

190

CAPSULE LANDING

FLIGHT PATH ANGLE = -20 °
1,000-10,000 KMALTITUDE ORBIT

ELEVATION ANGLE = 34°

, G y0Anomaly of Spacecraft 0
at Final View of Landed

Capsule I /

_ __j_/800 _Dii0°rbit'Vel°city
Increment, ft/sec

_20 ° 0° 20° 40°

De-orbit Deflection - 6 - deg

-20 ° 0o 20° 40°

 apsu,, .ing
1000

_// 0° 20° 40°

Ent_t 800

11///

200 210 220 23 0 240 250

De- orbit Anomaly - deg

REPORT F694,VOLUME II ,PART B ,31 AUGUST 1967

MCDONNELL ASTRONAUTICS

260

Figure 2.3-37

2-70



of an aluminized propellant is considered justified.

As an example of the possibility of extending the de-orbit window (Figure

2.3-38) by the use of de-orbit deflection, the steep entry for the i000-I0,000 km

altitude orbit was analyzed. With deflection, the maximum de-orbit anomaly is

increased approximately 35 ° . Maintaining the 300 second post-landing view time,

the landing anomaly increased approximately 6° . Thus the proper selection of

de-orbit anomaly, deflection angle, and entry angle provide a wide range of accept-

able descent trajectories. Continuous view of the spacecraft from de-orbit through

300 seconds post-landed is obtained within the bounds of the design de-orbit

propulsion and the communications link.

In summary,for the range of orbits considered, the entry corridor (Section 2.3.3.1)

provides for considerable flexibility of de-orbit conditions; landin_ anomaly (Section

2.3.3.2) can be varied within reasonable limits, particularly by the use of de-orbit

deflection; and the most difficult communication consideration to mission operation

(Section 2.3.3.3) is the post-landing view time. The de-orbit window for a specific

orbit requires the evaluation of the available parameters - de-orbit velocity

increment, de-orbit anomaly and deflection angle, and the entry angle - to provide

landing area flexibility within the design entry corridor and the communications

constraints.

2.3.3.5 EntrK and Landing Dispersions - Dispersions result from uncertainties in

conditions at de-orbit and uncertainties in the knowledge of the atmosphere. Estimates

of these dispersions are based upon analytical sensitivities for the de-orbit phase

coupled with digitally simulated entry trajectory data.

Trajectory sensitivities are evaluated for de-orbit from a i000 - 20,000 km

Martian orbit. Figures 2.3-39 thru 2.3-42 show the partial derivatives of entry

conditions with respect to de-orbit conditions. The sources of entry dispersions

are:

o Navigation Inaccuracies - Errors in orbit determination prior to de-orbit

result in errors in the computation of the de-orbit impulse. Small velocity

errors and errors in the Martian mass and radius are also considered.

o Propulsion Subsystem Inaccuracies - The uncertainty in thrust termination

is the result of uncertainty in nozzle blow off time and of impulse

uncertainty after the nozzle is blown off.

o Attitude Errors During De-orbit - The error is the result of alignment error,

attitude reference drift, computation errors, attitude control deadband, and

propulsion system misalignment.
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One sigma entry dispersions are shown in Figure 2.3-43. These are significant

with respect to de-orbit targeting within the design entry corridor but do not tell

the whole story for landing dispersions.

The de-orbit error sources found to be most significant for landing are:

Error Source

De-orbit Velocity Termination (_V)

In-Plane De-orbit Attitude ( _ B)

Radial Position at De-orbit ( _ R)

i_ Value

1.0 ft/sec

.33 deg

5468 ft

In addition, the following atmospheric conditions were considered:

o Atmosphere Model Variations - Different atmosphere models result in a

different dynamics history and, therefore, a different central angle

travel during entry. Data from VM-8 and VM-9 are assumed to represent a

six sigma range (! 3_from nominal). See Figure 2.3-44. One sixth (1/6)

the central angle for an -18 deg entry angle is used as the one sigma

landing dispersion.

o Wind - The presence of wind will affect impact by affecting horizontal

velocity. A central angle variation of 0.106 deg is based on trajectories

with mean head and tail winds in a VM-8 atmosphere. A correction factor

for parachute deployment increases the angle to 0.13 deg. This is used

as the one sigma landing dispersion.

o Aerodynamic Coefficient Uncertainty - Knowledge of the aerodynamic coeffic-

ient affects the accuracy of trajectory prediction. This effect is small

compared to atmosphere model variations.

The landing dispersions which result from the above errors are shown in

Figure 2.3-45. Note that, for the given de-orbit errors, early de-orbit results in

smaller landing error.

2.3.4 Atmospheric Flight Mechanics - A study of the Flight Capsule dynamic behavior

and entry trajectory characteristics as it descends from 800,000 feet to the Martian

surface has been completed. Presented is an examination of the heating, loads, time

and range, and dynamic characteristics as a function of vehicle and atmospheric

characteristics and constraints.

2.3.4.1 Atmospheric Entry Parameters - Entry parameters affecting the ballistic

trajectory of a vehicle entering the Martian atmosphere are the ballistic parameter

(m/CDA), the initial conditions (Ve, _e), and the planet atmosphere. Ballistic
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parameter relates the entry trajectory to the size, shape,and weight characteristics

of a non-lifting (center-of-gravity on vehicle centerline) entry vehicle. High

values of m/CDA result in high atmospheric velocities and airloads while low values

of m/CDA exhibit improved aerodynamic deceleration. The value of m/CDA used in

these design trajectories ranges from .15 to .45 slugs/ft. Our preferred capsule

design has an entry m/CDA of .266 slugs/ft 2.

The entry trajectory initial conditions are established in part (entry initial

altitude, h e = 800,000ft) by the JPL Constraints Document, Reference 2.3-3. The

entry velocity - entry flight path angle envelope, Figure 2.3-46, is bounded by the

following: velocity limits of 13,000 ft/sec and 15,000 ft/sec are established

from de-orbit constraints (See Part A, Section 2.1.1); the lower boundary on

flight path angle (_) is defined as the graze angle or that initial entry angle

that produces _= 0 at h = 0 for vacuum conditions (function of entry velocity);

the upper boundary on entry flight path angle (_e) has been established at_e=-20°

for all entry velocities from considerations of airloads on the Aeroshell. Higher

entry angles would induce loads above the practical limit of a minimum gage structure

(Section 5.3.2).

The atmosphere models (VM-I through VM-10) are established in Reference 2.3-3.

The variations of the atmospheric properties with altitude follow standard relat&ons

derived from the barometric equation of state.

2.3.4.2 Aeroshell Aerodynamic Characteristics Definition - The static aerodynamic

characteristics for the Aeroshell have been obtained from a McDonnell Polysonic

Wind Tunnel Test, completed 24 May 1967. Preliminary results are presented in

Reference 2.3-4 and are summarized in Figure 2.3-47. Three slightly different

configurations were investigated for the following ranges of test conditions:

.7 ! M _ 4.87, -5 _ _ ! 20°, and 7.7 x 106 ! RN i 14.7 x 106 . These test results

have been used in the following manner in six-degree-of-freedom computer studies of

our preferred design: the Mneh &.87 wind tunnel data were considered applicable and

were extended unmodified into the hypersonic Mach range. Modified Newtonian theory

was used to estimate the aerodynamic characteristics of the Aeroshell from 0 to

180 degrees angle of attack (See Figure 2.3-47). The Newtonian estimates do not

agree with the Mach 4.87 wind tunnel data. Therefore, the Newtonian estimates were

adjusted to agree with the wind tunnel data (up to 20 ° angle of attack), and were

then used to predict the trend of the Aeroshell aerodynamic coefficients up to 180 °

angle of attack throughout the entire Mach range.
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The dynamic aerodynamic characteristics (Cm + Cm_ ) have been estimated

from Langley-sponsored ballistic range tests ofqproposed Mars Probe/Lander

vehicles described in Reference 2.3-5. The results of those tests are presented

in Figure 2.3-47 together with McDonnell estimates for our baseline configuration

which has its center-of-gravity at the maximum diameter (base).

2.3.4.3 Operational Sequence - The events occurring from entry to landing affecting

vehicle performance are as follows:

o Entry - h = 800,000 ft;Ve, _e envelope defined above
e

o Sensible atmosphere encountered - altitude a function of atmosphere model

o Maximum dynamic pressure, heating, and loads encountered - altitude

a function of atmosphere model and entry Ve, _e

o Auxiliary aerodynamic-decelerator deployment, h = 23,000 ft for all

atmosphere models

o Aeroshell-Lander separation - 12.0 seconds following aerodynamic deceler-

ator deployment

o Terminal propulsion initiation and parachute separation - h = 5,000 ft

o Landing.

The following paragraphs detail the expected vehicle thermal environment in

terms of heating rates and total heat, the dynamic pressure and loads encountered,

the range of time to impact, and the dynamic characteristics of the entry vehicle,

all as a function of atmosphere model, m/CDA, entry conditions, and winds.

2.3.4.4 EntrK Heating Environment - The expected entry velocities into the

Martian atmosphere of 13,000 - 15,000 ft/sec will provide a relatively mild

heating environment. Definition of the entry heating environment is utilized in

selecting and sizing the thermal heat protection system (See Section 5.3.2). The

stagnation point maximum heating rate and the total stagnation point heat are

the parameters used to define the magnitude of heating.

Our studies have established the dependency of heating on the following

flight conditions:

o Atmospheric model

o Initial entry velocity (Ve)

o Initial entry path angle (_e)

o Ballistic parameter (m/CDA) •

The effect of atmospheric model on heating rate is shown in Figure 2.3-48.

Atmospheric density scale height is seen to be the most important parameter

affectin_ the magnitude of heating. Note that the atmospheres can be subdivided
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EFFECT OF ATMOSPHERIC MODEL ON ENTRY HEATING

ENVIRONMENT AND HEAT SHIELD REQUIREMENTS

ATMOSPHER E

MODEL

Graze

ATMOSPH ER E
SCALE HEIGHT qMAX H AT _IMAx

(104 ft.) (Btu/ft 2- sec) (ft)

Entry Ve : 13,000 ft/sec; Ye : -10"9°; m/CDA : 0.30

QT

(Btu/ft 2)

s lug s/ft 2

VM-I

VM-2

VM-3

VM-4

VM-5

VM-6

VM-7

VM-8

VM-9

VM-10

4.65

1.65

4.65

1.70

4.65

1.98

4.65

1.65

4.65

2.27

6.87

9.62

6.92

9.59

6.98

9.24

6.81

9.47

7.04

8.98

231307

104903

248722

112285

262510

134268

215222

101160

280168

161580

1025

769

1013

769

1001

791

1039

778

989

809

Steep Entry Ve = 15,000

VM-I

VM-2

VM-3

VM-4

VM-5

VM-6

VM-7

VM-8

VM-9

VM-10
I

Notes:

4.65

1.65

4.65

1.70

4.65

1.98

4.65

1.65

4.65

2.25
I

qmax - Maximum heating rate
H - Altitude

Q - Total heat

N.A. - Not available

ft/sec; ye = -200; m/CDA= 0.30 slugs/ft 2

16.75

2.79

16.75

22.70

16.75

25.45

N.A.

24.60

16.70

23.70

189132

83379

204639

106712

219969

109116

N.A.

90284

237452

138370

896

561

893

564

890

604

N.A.

745

887

643

Vehicle Configuration: 120° Sphere-cone, RN/R B -- 0.5, RN -- 4.75 ft
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according to the scale height into two groups - odd and even numbered VM atmospheres.

At the same entry conditions the odd numbered atmospheres with the higher scale

height result in lower maximum heating rate but higher total heat. Conversely, the

even numbered atmospheres have lower scale height, higher heating rate, and lower

total heat.

Effects of entry velocity, ballistic parameter and the extremes in the flight

path angle are shown parametrically in Figure 2.3-49 for the most severe atmosphere

from a heat flux standpoint, VM-8. The dependency between maximum stagnation point

heat flux and these entry parameters is expressed by the following empirically

fitted relationship:

3.15 1/2

_V_ -= KI V e (B sin ye ) ! 15%

H

Where

V e =

_e =

H =

B =

Entry Velocity - ft/sec

Entry Path Angle - degrees

Scale Height - feet

Ballistic Parameter

(m/CDA) - slug/ft 2

1.15

K 1 = 1.539 x 10-9: BTU secIb "5 ft 2.6_

R = Radius of Nose - ft

qVR --= Stagnation Point

Heating Rate - BTU/ft3/2/sec.

This relationship permits rapid evaluation of the maximum heat flux and assessment

of the magnitude of parametric effects for arbitrary values of the initial

conditions.

Similarly, the total stagnation point heat variation with entry velocity,

ballistic parameter, and the extremes in entry flight path angle is shown in

Figure 2.3-50 for the VM-3 atmosphere. Total heat was correlated by the following

relationship:

QV _-= K 2 Ve 2"15 V _ ! 10%

sin _e

1.15
Where BTU sec

QV_ = total heat - BTU/ft3/2; K 2 = 1.16 x 10 -8 lb.5 ft 2.65

Lines of constant peak stagnation point heat flux and total stagnation point heat

are shown in Figure 2.3-51 for the prescribed entry corridor based on the VM-3

atmosphere. Figure 2.3-52 shows how the extremes in each entry condition affect the

magnitude of heating. The values of the parameters listed in the first column

(Ve = 13000 ft/sec, _e =-10"9°, VM-3, etc.) are the base case, and percentages are

variations of each parameter from the base case. Dispersions in atmospheric model

produce the largest changes in stagnation heating rate and total heat.
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PEAK STAGNATION POINT HEAT TRANSFER RATE AND TOTAL

HEAT VARIATION

Base Case:

Ve = 13,000 ft/sec /

Ye = -10"9°

m/CDA = .20 slugs/ft 2

H(Scale Height) = 46,890 ft (VM-3)

Stagnation Point
Heating Rate (Cl) = 5.76 Btu/ft2-sec

Total Stagnation
Point Heat (Q) = 812 Btu/ft 2

PARAMETER

Ve ft/sec

m/CDA slugs/ft 2

H ft (scale height)

Ye degrees

Combined Ve, m/CDA , H and Ye

VARIATION FROM

BASE CASE

15,000

.45

16,490 (VM-8)

-20
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CHANGEIN
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+ 57.0%

+ 50.0%

÷ 68.8%
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2.3.4.5 Maximum Dynamic Pressure - Loads encountered by the entry vehicle in its

descent through the atmosphere are a function of the magnitude of dynamic pressure

which, in turn, is a function of the freestream velocity or Mach number and free-

stream density or pressure. Selection of the structural components of the Aero-

shell preferred design (Section 5.3.1) is heavily dependent upon entry load

analyses and predictions. Presented in Figure 2.3-53 are the peak dynamic

pressures resulting from the entry conditions (Ve, _e ) which represent extremes of

the entry envelope,all as a function of m/CDA for the VM-8 and VM-9 atmospheric

models. The corresponding altitudes at peak dynamic pressure are also presented

for the same conditions. Specifically, at the design m/CDA = 0.266,the maximum

dynamic pressure is 183 psf occurring at 60,000 feet altitude. This figure defines

completely the range of maximum dynamic pressure and associated altitude expected

for a given m/CDA , atmosphere and initial conditions, since the VM-8 and VM-9

atmospheric models have been found to produce the highest and lowest peak dynamic

pressures, respectively.

For a nominal m/CDA = 0.3 and assuming the VM-8 model atmosphere, Figure 2.3-54

presents a parametric study of the effects of both Ve and _e on maximum dynamic

pressure. It is to be noted that the Ve = 15000 ft/sec, _e = -20° corner of the

entry envelope produces the highest dynamic pressure. Maximum dynamic pressure is

seen to be sensitive to entry flight path angle but relatively insensitive to entry

velocity. Figure 2.3-55 presents the time history variations of load factor for

those entries which produced the extremes in dynamic pressure and thus the extreme

load factor variations, since

nx = (CDA) q

m gE

The width of the load factor spike is proportional to the duration of entry

trajectory and atmospheric densit X.

2.3.4.6 Time and Range to Impact - Time and range to impact are functions of the

duration of each of the three deceleration phases:

o Aeroshell Aerodynamic Deceleration (800,000 ft_h>23,000 ft)

o Parachute Deceleration (23,000 ft>h>5,000 ft)

o Landing Rocket Deceleration (5,000 ft_ h_0).

Time spent in the first phase represents the major portion of entry time and

thus is a factor in determining the amount of fuel required for entry rate control.
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EFFECT OF ENTRY CONDITIONS ON MAXIMUM DYNAMIC PRESSURE
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Variations in atmosphere, m/CDA , and entry initial conditions critically affect

the total time and range in this phase. The parachute deceleration phase time

is affected by parachute size, model atmosphere and parachute deployment conditions

(h = 23,000 ft). Time and range variations due to m/CDA would be minimized by a

re-sizing of the parachute to control descent velocity. Descent from 5,000 ft to

the surface using the terminal propulsion rockets requires 36 to 47 seconds depend-

ing on the atmosphere. Figures 2.3-56 and 2.3-57 present the total time and range

from entry to impact as a function of initial entry velocity for various m/CDA'S,

entry angles, and atmospheres. Dispersions due to mean winds (wind profiles de-

fined in References 2.3-3 are not shown because of the small magnitude in comparison

to total range (less than + 5 n mi ). The effect of winds is small since the

greatest portion of the range traversed occurs above the point where winds become

effective. The least dense and most dense atmospheres, VM-8 and VM-9 respectively,

provide the extremes in range and time. Of the parameters shown affecting range

and time, atmospheric model affects both to the greatest extent. Within a given

atmosphere,the effect of increasing the entry flight path angle magnitude is to

decrease both time and range. The boundaries shown for the graze conditions imply

a significant decreasing effect with increasing velocity. However, this effect is

actually due to the change in the graze entry angle, which becomes steeper with

increasing velocity, along the graze boundary. These figures also show the effect of

m/CDA on range and time for the entry angle and atmosphere extremes. The m/CDA

effect is small and predictable on both time and range.

2.3.4.7 Dynamic Characteristics - Capsule angle of attack oscillations during

atmospheric entry can be critical to entry science experiments, communications,

picture taking, aeroshell aerodynamic heating distribution, and the predicted

impact point. Vehicle motion was investigated for variations in atmosphere, entry

flight conditions, center of gravity location, pitch damping coefficient,and winds

for uncontrolled and controlled entry modes.

Uncontrolled Dynamic Characteristics - Six-degree-of-freedom computer

simulations of the entry trajectory characteristics were made to analyze the capsule

dynamic behavior and to assess the influence of each of the parameters which affect

the dynamic characteristics. Figure 2.3-58 presents a time history of angle of

attack, Mach number, altitude, and dynamic pressure for a typical entry, and is pre-

sented as an example to explain the effects observed to varying degrees in all

entry simulations. Capsule angle of attack, regardless of the initial angle of

attack, above the sensible atmosphere (h = 260,000 ft for this case) increases
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TYPICAL DYNAMIC CHARACTERISTICS FOR UNCONTROLLED ENTRY
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because of an unchanging inertial attitude. Upon encountering the atmosphere,

the angle of attack envelope decreases as dynamic pressure increases,reaching a

minimum near the maximum rate of change of dynamic pressure. The angle of attack

envelope then increases (as the rate of change of dynamic pressure decreases) until

the Mach number is reached where the pitch damping coefficient becomes negative.

At this point, the envelope again begins to decrease due to the favorable (negative)

damping coefficient.

The effects of atmosphere on the angle of attack oscillation envelope are

bounded by the atmosphere of minimum and maximum density, VM-8 and VM-9 respectively.

That is, the largest angle of attack amplitudes occur at the lowest altitudes in

VM-8_ conversely the smallest amplitudes occur at highest altitudes in VM-9 as shown

by the qualitative variations of the angle of attack oscillation envelope with

altitude for entries in both VM-8 and VM-9. The families of curves in Figure 2.3-59

describe the variation of the dynamic stability constant (kl) ,

where

[Cmq + Cm&]_]21

= Atmospheric density exponent (P =poe -_h).

= Surface density A = Ref. area

= Radius of gyration m = Vehicle mass

= Ref. length Ye = Entry flight path

angle.

The constant kl is a result of an analytical solution to the differential equation

describing the pitch plane oscillations:

d2_ + fl (t) da + f2 (t)a = 0
dt

where

fl (t) = CL_ pVA __ _[Cmq + Cm_] VA_2p

2m 21

f2 (t)=_d I CL_pAV_--_m/ Cmq + CL_21mp2V2A2_2

p V2A_ Cm

2I
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The assumptions and approximations, described in Reference 2.3-6, employed in the

solution are consistent with the Aeroshell configuration and the approximate vari-

ations of the trajectory parameters encountered in a Martian entry. These results

provide a qualitative picture of the effects of variations in vehicle static and

dynamic stability constants, atmospheres, entry conditions, etc. on the angle of

attack oscillation envelope expected.

The positive and negative values of the dynamic stability constant (kl) shown

in Figure 2.3-5_ mainly reflect various levels of the pitch damping parameter

(Cmq + Cm_ ) for a given atmosphere and initial conditions. That is: entry with a

constant value of (Cmq + Cm_ ) for all Mach numbers, and thus all altitudes would

produce an angle of attack envelope coincident with a k I - constant line. Specif-

ically, the value of (Cmq + Cm& ) required to produce minimum stability or the

largest angle of attack oscillation envelope without divergence _i = 0), is -.113.

More positive values would produce divergence.

Superimposed on the k I lines in Figure 2.3-59 for each atmosphere are the k I

values for our capsule calculated as a function of altitude for entry from 800,000

feet, at Ve = 15000 ft/sec and _e = -20°. Reiterating, the conclusions to be drawn

from this figure are that VMo8 produces the angle of attack oscillation envelope at

the lowest altitudes with a tendency toward divergence.

Initial condition effects on the angle of attack oscillation envelope were

obtained by varying initial angle of attack (0°_15°), flight path angle

(-lO,9°_Ye->-20°) , and entry velocity 13000JV ej15000 ft/sec). A qualitative study

of the effect of entry flight path angle on the angle of attack oscillation envelope

for a zero value of the dynamic stability constant _I) is presented in Figure 2.3-60.

The increase of angle of attack oscillation envelope with increasing flight path

angle is not large _s was discovered in six-degree-of-freedom computer simulations),

but the frequency of oscillation increases markedly with increasing flight path angle

(and increasing entry velocity), which would contribute to smeared TV pictures during

entry. Only positive initial angles of attack were investigated because these angles

result in the largest angle of attack at the point of entry to the sensible atmosphere

and thus yield the largest angle of attack oscillation envelopes. The angle of attack

envelope converges from all initial angles of attack, reopening briefly in the less

dense atmospheres as was shown qualitatively in Figure 2.3-59.

Pitch damping parameter (Cmq + Cm_ ) was varied from zero to our estimated

variation (See Part B, Section 2.3.4.2). In both sparse and dense atmospheres the

angle of attack oscillation envelope difference between our estimate and half our
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QUALITATIVE EFFECT OF ENTRY FLIGHT PATH ANGLE ON
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estimate is negligible. For zero values of the pitch damping parameter, however,

divergence occurs in all atmospheres below the altitude of maximum rate of change

of dynamic pressure. The dynamic stability constant (kl) is positive here and,

as explained above, positive values of k I lead to divergence. A correlation of

the dynamic stability constant (kl) , containing our estimates of the pitch damping

(Cmq + Cm_ ) with the angle of attack oscillation envelopes for both VM-8 and

VM-9 is presented in Figure 2.3-61. Closure of the angle of attack envelop% as

the dynamic stability constant (kl) decreases, occurs after maximum dynamic

pressure in the VM-8 entry and prior to maximum dynamic pressure in the VM-9

entr_ thus accounting for the reopening of the angle of attack envelope in the

VM-8 entry (see detailed description of this entry at the start of this subsection).

The nominal center of gravity location is on the longitudinal axis at the base.

Moving the cpg. one foot forward produced no significant change in either the _ or

pitch rate envelopes.

The disturbing effects of resonant gusts (gusts applied and withdrawn at a

multiple of the oscillation frequency) and non-resonant gusts have been examined

in the critical atmospheres (VM-9 and -i0) at low altitudes (lowest velocities,

prior to parachute deployment) and in the critical atmosphere with respect to

damping (VM-8) at higher altitudes. In the most dense atmospheres (VM-9 and

VM-10) at low altitudes, gusts affect angle of attack and pitch rate to the

greatest extent but never cause the vehicle to tumble (actual angle of attack

vslues compared in Active Entry Damping below). At higher sltitudes in the

thinner atmospher_ dynamic pressure and (Cmq + Cm_ ) are the major stability

influences, in atmospheric model _-M-8, a gust at the altitude of maximum dynamic

pressure (and prior to the Mach numbers of negative (Cmq + Cm_ )) has almost no effect

on the dynamics because of the very high vehicle velocity with respect to the gust

velocity.

In summary, the less dense atmospheres at high initial angles of attack and high

entry angle conditions produce trajectories with the largest angle of attack and

pitch rate oscillation envelopes. The presence of gusts in the most dense atmosphere

(VM-10) creates angle of attack disturbances of largest magnitude.

Active Entry Damping - A requirement for active rate damping during entry

is established by the need to provide a tolerable attitude and attitude-rate

environment for the entry science experiments, and to provide insurance in the face

of present uncertainty of the capsule dynamic stability. Active damping can be
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provided at a relatively small weight and complexity penalty by using a reaction

control system (RCS) to perform all attitude control functions from capsule/space-

craft separation through entry until parachute deployment. This subsection lists

the results of entry-phase analyses used to establish the RCS configuration. The

following points are discussed:

o Need for active entry damping

o Control system parameters as they affect response characteristics

o Significance of the capsule dynamic stability

o Response to the atmospheric wind environment.

Requirements for Active Damping - Figure 2.3-62 depicts angle of attack and

pitch rate envelopes developed during simulated entry trajectories in VM-8 and VM-9

atmospheres, without active damping. The envelopes resulting from an initial 5 deg

pitch angle of attack at 800,000 ft altitude are shown for zero pitch damping

parameter (Cmq) and for our estimate of Cmq as shown in Figure 2.3-47.

For a neutrally stable capsule (Cmq = 0),maximum rates of 5-14 deg/sec, with

angle of attack oscillations up to 7 deg, occur from I00,000 ft down to parachute

deployment (23,000 ft). For the runs utilizing our estimated Cmq function, maximum

rates up to 17 deg/sec occur in the VM-8 atmosphere in this altitude regime. The

higher rate results because the estimated damping characteristics are unstable for

Mach numbers above 12.5, and the Mach number in the VM-8 model remains above 12.5

until 52,000 ft (for entry conditions: Ve = 15,000 ft/sec,¥ e = -20°).

The imaging system analysis of Vol IV, Part E, Sect. 2.2,shows that image

"smearing" occurs for attitude rates over 4 deg/sec. Therefore, rates of the

magnitude expected without active damping will greatly degrade the video resolution.

High rates also degrade the acceleration data used for trajectory reconstruction

and hence, atmospheric determination. On this basis alone, it is clear that active

damping is required. In addition, the uncertainty on the Cmq data presently avail-

able indicates a requirement for active damping to speed capsule recovery from

attitude transients induced by wind gusts. Wind response is discussed in a later

paragraph.

RCS Parameters and Response Characteristics - The tradeoff study resulting

in selection of a monopropellant RCS is described in Section 5.13.2. The thrust

level of 22 ib per axis in pitch and yaw was based upon de-orbit requirements.

Using this value, as well as other thrust levels, the performance of the damping

system was examined for a wide range of atmospheric models, entry conditions, wind

conditions, and aerodynamic damping coefficients. These studies resulted in the

REPORT F694 • VOLUME II B• PART • 31 AUGUST 1967

MCDONNELL ASTRONAUTICS

2-105



O

Ill
I--
<:

"I-
U

Z

LU _

o_

u II E
E
o

..-2<"_ "'° S
*-I- [3) -I-

II II "_ L) :_E

I'>_ _; S 2_ I
• • • • • •

I
I

I

u

0
"0

I
o

u

h-
E
E

ID

u")

0J 0

z_

LI_ _

X
.<

\\

, m m m h _1111111°"_

0
0

0 0 0 0 0
0 0 0 0 0

•_} £01 - oPm-NIV

o
'*'o

o I

u
o

E
.<

It') m
a

o
I-

0
0

REPORT F694 • VOLUME I.T. • PART ]3 . 31 AUGUST 1967

MCDONNELL ASTRONAUTICS

Figure 2.3-62

2-106



following conclusions:

o Moderate propellant consumption is achieved in all design conditions

(as specified by Reference 2.3-3) with a ! 3 deg/sec rate deadband. This

deadband value is below the TV-smear threshold (4 deg/sec).

o The 22-ib thruster will recover the capsule from the most severe design

wind condition, even with capsule dynamic instability up to a Cmq value of

+0.4.

o In continuous mean-profile winds (as defined below), RCS jets as small as

10-1b thrust maintain attitude rates within the 3 deg/sec deadband for all

atmospheres investigated. This includes cases in which the capsule was

assumed dynamically unstable throughout entry. In some cases, transient

rates above the deadband were experienced following the instantaneous onset

of the maximum wind value at 90,000 altitude. This, however, is not felt

to be a realistic wind form, even though it is specified in the constraints

document, Reference 2.3-3.

o Similarly, attitude rates are maintained within the deadband in the presence

of shear wind profiles at all azimuth angles, for thrusters down to i0 lb.

The dynamic stability variation in this environment was limited to three

Cmq-VS-Mach number functions: the two curves shown in Figure 2.3-47 and

neutral dynamic stability throughout entry.

o Transient rates above the 3 8eg/sec deadband value are produced by low-altitude

wind gusts. The rates experienced range from 20 to 60 deg/sec, and are damped to

within the deadband in 3 to 13 sec. Increasing the thrust level reduces the

settling time (i.e., the time to damp the rate to within the deadband), but

the peak rates will still exceed the deadband for brief periods unless an

extremely large thruster (several hundred pounds thrust) is employed.

o Approximately 333 ib-sec of attitude control impulse will be required for

entry damping, utilizing the ! 3 deg/sec deadband. This is based upon a

VM-10 atmosphere in a shear-profile crosswind. This amount of fuel reserve

is probably conservative in terms of realistic expected winds, and would be

sufficient to control in a mean-wind profile, with some margin for additional

small gusts.

Wind Environment - Attitude control performance studies have included simulation

of all design wind conditions specified in Reference 2.3-3 and even wind conditions

more severe than design. The following terms are used in this section to describe

the wind conditions simulated:
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o A "wind profile" (mean profile or shear profile) is a wind whose velocity

varies with altitude in the manner specified in the tables of Reference 2.3-3.

o A "wind step" is a wind which rises rapidly from zero to a constant value

and remains constant thereafter. For a "sharp-edged" wind step, the velocity

rises instantaneously.

o A "wind gust" rises rapidly from zero to a maximum velocity, and returns

rapidly to zero. The gust may be sharp-edged or have a finite rise and fall

time. A "resonant" gust has a duration exactly equal to one-half the capsule's

natural oscillation frequency.

All winds were simulated in a horizontal plane and are characterized as head-

wind, tailwind or crosswind on the basis of the azimuth angle between the wind

vector and the capsule velocity vector at the time of wind onset.

Response to Profile Winds - Figure 2.3-63 lists the response of several RCS

configurations to wind profiles at various azimuth angles. Results are given for

VM-8 and VM-10 model atmospheres, using wind profiles appropriate to each atmos-

phere, and comparative data are shown for the same entry conditions and no wind.

For all cases in this table, a "steep" entry was used, since the uncontrolled in-

vestigations showed it to be the most critical. The capsule was nominally assumed

to have neutral dynamic stability (Cmq + Cm_ = 0) at all Mach numbers. The data

displayed on this figure lead to the following conclusions:

o Cross winds are more severe than headwinds, which are in turn more severe

than tailwinds, in terms of impulse required. This is because crosswinds

act perpendicular to the capsule velocity vector, and thus produce a

greater angular deflection for a given velocity.

o Shear profiles are more severe than mean profiles, due to the continual and

rapid movement of the relative wind vector as the capsule drops in altitude

and velocity.

o VM-10 winds cause larger angle of attack disturbances than VM-8 winds,

despite the lower wind velocity (maximum of 210 ft/sec as compared to 320

ft/sec) due to the lower capsule velocity and steeper flight path angle at

the altitude at which winds act.

o Tighter deadbands reduce the oscillation envelope, but increase fuel con-

sumption. The design deadband of 3 deg/sec, in comparison with the 1 deg/sec

deadband level, provides a moderate fuel savings in low-force environments

(e.g., in a VM-IO mean headwind, reducing the deadband to 1 deg/sec only costs
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ENVELOPES AND IMPULSE EXPENDITURE IN "PROFILE" WINDS

(Entry: he

ATM
RUN

VM

2O 8

21 8

77a 8

22 8

24a 8

23 8

27 8

32 10

93 10

92 10

36 10

106 10

88 10

91 10

105 10
12 8

13 8

14 10

15 10

-- 800,000 ft, Ve = 15,000 ft/sec, Ye -- -20o' ae = 5o; neutral dynamic

WIND

TYPE AZ

Mean Tail

Mean Head

Mean Head

Mean Cross

Shear Tail

Shear Head

Shear Cross

Mean Head

Mean Head

Mean Cross

Shear Cross

Shear Cross

Shear Cross

Shear Cross

Shear Cross
None

None

None

None

THRUST DEADBAND
Ib deg/sec

16.5 1

16.5 1

10 1

16.5 1

10 1

16.5 1

16.5 1

10 1

10 3

10 3

10 1

22 3

10 3

10 4

2 3
16.5 1
10 1

16.5 1.
10 1

stability)

OSC. ENVELOPE, deg IMPULSE
100K ft 50K ft 25K ft Ib-sec

0.12 0.06 0115 152.6

0.12 0.07 0.17 157.6

0.20 0.09 0.22 114.3

0.12 0.08 0.19 193.2

0.21 0.09 0.21 167.7

0.12 0.08 0.19 218.3

0.12 0.12 0.25 289.1

0.09 0.38 0.43 158.6

0.19 1.00 1.40 158.0

0.19 1.60 1.80 226.2

0.09 1.60 1.40 1453.4

0.2(_ 1.80 1.30 323.0
0.19 2.20 1.60 319.4

0.29 2.40 1.70 302.9

0.24 3.50 1.50 197.1
0.12 0.06 0.12 14712
0.20 0.06 0.13 108.3

0.06 0.14 0.25 !92.0

0.09 0.38 0.42 136.1
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an additional 0.6 ib-sec). Trying to maintain i deg/sec in severe winds,

however, becomes very expensive (e.g., 1453 vs 323 ib-sec in a VM-10 shear,

crosswind). Opening the deadband further, to 4 deg/sec, provides no signif-

icant fuel saving.

o Larger jets provide smaller envelopes but increase fuel consumption. The

relative increase in fuel consumption is small for severe environments, since

the fuel requirements are proportional to the energy to be removed. For low-

force environments (limit cycle operation) the relative increase in fuel con-

sumption with jet size is large, since the jets themselves are the major

disturbing effect. The clearest example of this is the VM-8 no-wind compari-

son.

The next two figures further extend the study conditions. Figure 2.3-64 gives

envelope and impulse data for additional atmosphere/entry condition combinations,

using the appropriate mean tailwind. The entry conditions used in this Table pro-

duce longer flight times, longer time spent in the wind regime, and lower velocities

in the wind regime; the net result is a small increase in propellant consumption.

The data of Figure 2.3-65 illustrate the effect of changes in c.g. location

and the corresponding changes in dynamic stability characteristics. The Cmq-VS-Mach

functions of Figure 2.3-47 were used for this study and labeled thus in the table:"

"B" denotes the present estimate (c.g at the base of Aeroshell), and "A" denotes

the dynamic stability test results of Reference 2.3-5 (c.g. 1.6 ft aft of the base).

The B-curve, which is the dynamic stability of the VOYAGER preferred design, reduces

fuel consumption below either the A-curve or overall neutral dynamic stability

(Cmq = O),as would be expected.

Response to Step winds - A wind step is the simplest form of wind forcing

function, and studies using step winds provide the clearest picture of the depen-

dence of system response upon wind velocity, altitude, azimuth angle and rise time.

Figure 2.3-66 lists sample step-response data for VM-8 and VM-10 atmospheres, again

using the "steep" entry conditions. In all but one of the cases shown, system res-

ponse to wind steps generates rates in excess of the deadband for short periods of

time. The mean-wind profiles shown in Reference 2.3-3 as abruptly changing from

zero to maximum at 90,000 ft altitude, also subject the system to a wind step.

Comparison of the mean-wind and no-wind data of Figure 2.3-63 shows that most of

the fuel-consumption increment attributed to mean winds is actually used to damp

out the transient due to the step at 90,000 ft. Some wind conditions more severe
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ENVELOPES AND IMPULSE EXPENDITURE

FOR RANGE OF ENTRY CONDITIONS AND ATMOSPHERES

(ae = 5°, Entry at 800,000 ft, mean tailwind from 90,000 ft, 22 Ib RCS)

RUN

109

108

110

111

113

112

J VeK ft/sec

13

13
13

13

15

15

Ye

deg

-10.90

-10.90

-10.90

-20.00

-14.07

-14.07

ATM

VM

7

8

10

10

10

8

OSC. ENVELOPE, Deg

100K ft 50K ft

0.59 0.71

0.47 0.52

0.47 0.97
0.22 0.97

0.58 10.70

0.48 1.30

25K ft

0.93
0.79

1.26

1.38
1.21

1.54

IMPULSE EXPENDED

Ib-sec

148.2

134.7

231.1

183.3

219.1

146.1
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EFFECTOFC.G.LOCATIONONATTITUDEENVELOPESANDIMPULSEEXPENDITURE

(Ve= 15,000 ft/sec, Ye = -20°' ae = 5o; 3°/sec RCS DEADBAND)

RUN ATM WIND C.G. THRUST

VM TYPE AZ Ib

Shear 45°

Shear Cross
Mean Head

Mean 45 °

Shear Head

Shear 45 °

Shear Cross

Shear Cross

103a 8

97a 8
99 10

104 10

98 10

103 10

97 10

102 10

A 22

B 22
B 10
A 10

B 10

A 10

B 10

A 10
I

A - C.G. 1.6 ft aft of base of Aeroshell

B - C.G. at base of Aeroshell

ENVELOPE, deg
100K ft

0.50

.50
.21
.26

.21

.26

.21

.26

50K ft

0.20

.48

.04

1.38

.95

1.61

1.70

1.46

25K ft

0.12

.22

.03

1.63

.85

2.24

.63

1.88

IMPULSE

Ib - sec

158.4

191.1
138.0

281.0

181.2

322.3

216.8

337.6
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RESPONSE TO "STEP" WINDS

(Entry: he = 800,000 ft, Ve -- 15,000 ft/sec, Ye = -20°, ae = 50; neutral dynamic stabiJity, 16.5 Ib jets)

WIND CONDITIONS SYSTEM RESPONSE
ATM

RUN
VM

20

21

22

21

20

22

47

78

73a
73b

39

43
69a

69b

69c

Notation:

h W

k',(÷

8 90

8 90

8 90

8 50

8 50

8 50

8 20

8 20

10 90
10 90

10 20

10 20

10 20

10 20

10 20

hw = Wind altitude
Vw = Wind velocity

T R = Wind rise time

Vw

32O

320

32O

320

320

320

200

200

210

210

TR
sec

0.0

0.0

0.0
0.0

0.0

0.0

0.0

0.0

0.0
0.0

Azi muth

Tail

Head

Cross

Tail

Head

Cross

Head

Cross

Head

Cross

200 0.0
100 0.0

100 0.4

100 1.0

100 2.0

_=a or /_, as

Head

Head
Head

Head

Head

appropriate

_MAX

deg

0.31

0.44

1.34

0.83

1.05
2.72

3.25

8.95

0.73

2.52

26.72

14.51

13.48

8.96
4.35

Tc = Time to control to 3 deg/sec

Ic = Impulse to control to 3 deg/sec

_MAX Tc

deg/sec sec

2.0 0.

3.3 0.3

11.6 2.3

6.1 2.2

8.0 4.0

34.0 8.4

13.0 2.4

38.0 7.3
7.3 1.2

28.5 5.8

72.2 15.3

34.7 7.0

32.1 7.0

25.8 5.2

12.8 3.1

Ic

Ib-sec

o

5.2

36.2
32.6

38.0

137.3

37.2

117.3

22.5

109.9

257.5
112.2

111.2

81.0

47.2
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than the design requirement are shown in this table (e.g., 320 ft/sec steps at

50,000 ft in VM-8, and a 200 ft/sec step at 20,000 ft in VM-10). The purpose is to

provide comparison points for illustrations of trends; also, it shows the margin of

controllability offered by the RCS, which provides insurance against uncertainty in

Martian wind data. Increasing the wind rise time (conversely, decreasing the wind

onset rate) clearly reduces the severity of the wind-induced transient.

Response to Gust Winds - The most severe transient wind condition within the

scope of the design requirements is a sharp-edged resonant gust. This is ill-

ustrated by the tabular data of Figure 2.3-67, and by the time-history data of

Figure 2.3-68 which compares system response (in order of increasing severity) to

a step with finite onset rate, a sharp-edged step, and a sharp-edged resonant

gust.

Th_ _tnNv has also included gusts which were neither sharp-edged nor

resonant, and velocities less than the maximum have also been used. In all

design cases shown, rates outside the deadband persist for periods ranging from

3 to 13 seconds (for VM-10, 200 ft/sec gusts are not a design condition). As

with all wind runs shown in this section, crosswind gusts are more severe than

headwind gusts, and VM-10 gusts are more severe than VM-8 gusts. No crosswind

gust results are shown for VM-10 at 20,000 ft since descent in a VM-IO atmosphere

is essentially vertical by this time, and wind azimuth is undefined.

Effect of Dynamic Instability - Neutral dynamic stability was assumed for all

the wind gust transients displayed thus far. To allow for uncertainty in the

available dynamic-stability data, a series of wind-gust runs was made using various

positive (unstable) values of the damping derivative. All runs were made with the

most severe wind condition(VM-10 atmosphere at 20,000 ft from a steep entry, sharp-

edged resonant gust); Cmq was varied from zero to + 0.7, RCS thrust varied from

zero to 60 lb. The results are displayed in Figure 2.3-69 in which maximum angle

of attack values are arrayed in the thrust/C m plane. Tumbling of the capsule is
q

denoted by "90+", and the estimated boundary of controllability is shown. Increas-

ing the RCS thrust naturally enables the system to tolerate greater inherent capsule

instability without tumbling. With the design thrust level, 22 Ib, the capsule

is controllable for Cmq up to almost 0.4.

2.3.4.8 Entry Trajectory Data Summary for Preferred Configuration - (m/CDA=.266)

A summary of the variation of several entry parameters with time is presented in

Figures 2.3-70 and 2.3-71 for entries in the most dense and least dense atmospheres.

The initial conditions are those producing maximum and minimum dynamic pressure;thus

these trajectories may be considered extremes in terms of loads encountered.
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RESPONSE TO "GUST" WINDS

RUN

81

82

48a

80a

48b
48c

83a

84

40a

40b
40c

44

71c

71b

70c

70d

Notation:

(Entry: he = 800,000 ft, Ve

ATM
VM

8

8

8

8

8
8

10

10

10

10

10

10

10

10

10

10

= 15,000 ft/sec, Ye = -200, ae : 50; neutral dynamic stability, 16.5 Ib jets)

h w

Kft

3O

3O

2O

20

2O
2O

3O

3O

2O
2O

2O

2O
2O

2O

2O

2O

WIND CONDITIONS

VW TW
AZ

Head

Cross

Head

Head

Head
Head

Head

Cros s

Head
Head

Head

Head

Head

He ad

Head

Head

ft/sec sec

200 0.4

200 0.4

200 0.4

200 0.6

200 1.0
200 2.0

100 1.2

100 1.2

200 0.6

200 1.2
200 2.4

100 1.2
100 1.2

100 1.0

60 1.0

80 1.4

_MAX
deg

SYSTEM RESPONSE

2.64

9.47
5.03

6.14

3.25
4.82

23.29

24.69

43.40

51.66

26.72

26.84
20.93

16.32

8.76

14.42

_MAX

deg/sec

18.3

66.4
21.3

25.4

15.5
18.5

54.2

56.8

95.4

109.0

72.2

61.8
48.1

38.3

19.2

33.4

hw = Wind altitude _ -- a or/_, as appropriate

Vw : Wind max. velocity _ : q or r, as appropriate

T W -- Wind duration Tc -- Time to control to 3 deg/sec
T R :Wind rise/fall time, Ic :lmpulsetocontrolto3deg/sec

zero to Vw

Tc
sec

3.5

13.4
4.1

5.4

3.4
5.5

11.5

12.3

22.5

26.8

7.3

13.3

11.0

8.4

4.7
7.4

lc

Ib-sec

52.5

215.7

64.1
85.0

53.2
84.1

197.9

211.2

365.0

436.8

116.7

219.3

179.9

135.3

74.2
118.5
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RESPONSE TO LOW-ALTITUDE WIND TRANSIENTS

(VM-10 ATMOSPHERE, hw= 20,000 kft, V w = 100 ft/sec)

3°! L2o ;'l
! I G

11 !11 .'%

1o u , , ,J, l,- I | 1

0

[_ • m I ,, h • •

o I J ': I _-'__,o y, ,,I ',
nl !: I

< -20 l i -.o I

_,o t

r,,
# ,, ,: ! XJ

,,j

U

"-O

O

Z}C

c-
u
.0-

6O

4O

2O

Wind Forms:

G

I

10 15

Time - sec

R = Ramp; 1.0-seconds to rise to constant
100 ft/sec

S = Step; instant rise to constant 100 ft/sec

G = Gust; instant rise to 100 ft/sec, instant

drop to zero after 1.2 sec

2O
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RESPONSE TO A SHARP-EDGED RESONANT GUST

MAXIMUM ANGULAR OSCILLATION AS A FUNCTION OF PITCH

DAMPING PARAMETER AND JET SIZE

(VM-10 ATMOSPHERE, Ve = 15,000 ft/sec, )'e = -200' m/CDA= .29)

Hw = Wind Altitude = 20,000 ft
Vw = Wind Velocity -- 100 ft/sec
Tw = Wind Duration = 1.2 sec

vl

r-

u

6O

45

3O

22

16.5

10

20.3
)

22.5
)

23.0

26.8

22.9

25.1

, 28.1 ,_"

21.4
b

23.7

26.0
J, •

• 90+

Estimated Boundary

of Controllability -_

,26.5 ,27.0 _,_0_

• '_f/ •v

90+
)

0 0.1 0.2 0.3 0.4 0.5 0.6

Pitching Damping Parameter - Cmq

25.6
)

0.7
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PARAMETER TIME HISTORY FOR ENTRY INN LOW DENSITY ATMOSPHERE MODEL
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At h = 23,000 ft, the aerodynamic decelerator (parachute) is deployed

causing a discontinuity in slope of parameters dependent upon vehicle velocity.

Descent of the Lander-Aeroshell combination on the parachute continues for 12.0

seconds (dependent upon parachute size),whereupon the aeroshell is separated from

the Lander-parachute (the trajectory parameters as presented do not reflect this

event). At h = 5000 ft the parachute is separated from the Lander and the terminal

propulsion rockets are fired to lower the Lander to the surface. The descent time

in this mode is a function of atmosphere.

A tabular summary of the above trajectories including heating rates and load

factors is presented in Figure 2.3-72.
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TRAJECTORY PARAMETER SUMMARY FOR m/CDA - 0.266 SLUGS/FT 2

TRAJECTORY

PARAMETER

Dynamic
Pressure

qmax

h at qmax

Heating

_lmax

q

h at _lmax

Load Factor

Ax (Earth g's)

Ax (Mars g's)

Conditions at

Parachute Deploy.

(h -- 23,000 ft)

Vg
M

Y

q

Descent Time

(to landing)

Range Over
Planet Surface

VALUE ENCOUNTERED IN VM-8

V e = 15,000 ft./sec., Ye = -20°

185 psf

81,000 ft

VALUE ENCOUNTERED IN VM-9

Ve = 13,000 ft./sec., Ye = GRAZE = -10.9 °

22.3 psf

218,000 ft

19.61 Btu/ft2-sec

455.9 Btu/ft 2

98,500 ft

1300 ft/sec

2.0

-23.7 deg

14 psf

304 sec

373 nm

5.61 Btu/ftZ-sec

833.0 Btu/ft 2

230,300 ft

600 ft/sec

0.6

-81.0 deg

74 psf

715 sec

641 nm
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2.3.5 Deployable Aerodynamic Decelerator - Capsule velocities as high as 1,000 ft/sec

can be encountered at 5,000 ft altitude without an auxiliary decelerator. These

speeds require large propellant quantities for a terminal propulsion system,

(Section 4.5). A deployable aerodynamic decelerator is employed to optimize the

terminal landing phase.

VM-8 is the least dense atmosphere model above 45,000 feet altitude. Con-

sequently, in the altitude range (50,000 to i0,000 ft) for decelerator deployment,

the capsule will have the highest Mach number in VM-8. The entry condition which

causes the highest Mach number at a specific altitude (30,000 ft., Figure 2.3-73)

is a steep entry (Ye = -20°) at the lower entry velocity (13,000 ft/sec). For a high

density model atmosphere such as VM-10, the Mach number at 30,000 feet is subsonic

(.5 to .6) without regard to the entry condition. Trade study results (Section 4.4)

of the decelerator subsystems selected the parachute as the preferred decelerator

.................. _ _--.1 ...... lo4_ _,,_e_,_tom Th_ _nlnvment limit was

considered to be Mach 2. With this restriction, the deployment altitude would be

approximately 18,000 feet with an m/CDA of 0.3 slugs/ft 2 (Figure 2.3-74). However,

the ballistic parameter of the preferred design is 0.266 slugs/ft 2, which raises the

deployment altitude to 23,000 feet. With the parachute as sized for the preferred

design (Section 5.10), the capsule velocity at 5,000 feet is between 100 to 300 ft/sec

for the range of atmospheres compatible with the terminal propulsion design. The

parachute is also used to separate and extract the Capsule Bus from the Aeroshell,

prior to ignition of the terminal propulsion subsystem.

2.3.6 Terminal Descent - The controlled terminal descent phase begins with ignition

of the terminal propulsion system and ends at touchdown. The large range of possible

initial path angles and velocities that may be encountered at engine ignition due to

the design atmosphere, complicates the design of a system that must provide the

necessary in-flight adjustments to both the direction and magnitude of the velocity

vector to achieve landing. In addition to the expected atmospheric variation, the

conditions at ignition are dependent on the capsule configuration, the range of entry

conditions, and whether an auxiliary aerodecelerator is employed. Figures 2.3-75

and 2.3-76 present the altitude, ground referenced velocity, and the flight path

angle for the Aeroshell-Lander configuration. They illustrate the envelope of

variation for the VM-3, VM-7, VM-8, and VM-10 atmospheres. The 13,000 ft/sec entry

velocity and the latter three atmospheres are the bounding models in establishing

the terminal descent system. Also presented in the figures are the change in the low

altitude characteristics when a 70 ft parachute is deployed at an altitude of 23,000 ft.
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VARIATION OF AUXILIARY AERODYNAMIC DECELERATOR
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Velocities are reduced and the flight path angle is considerably increased. Hence,

with the aid of an auxiliary aerodecelerator deployed prior to ignition, a completely

different design range of initial conditions can be achieved.

The following topics are discussed in this section:

a. Brief description of the various computer programs utilized in the analyses

(Section 2.3.6.1).

b. A summary discussion of the various terminal descent configurations

considered and the assumed constraints (Section 2.3.6.2).

c. A discussion of the various control functions, control loop configurations,

and the basis for selecting a given configuration. Basically, these control

loops are common to all of the terminal descent configurations considered

(Section 2.3.6.3).

d. A discussion of the various parameters that influence landing velocity and

the expected dispersions. This discussion is also common to all of Lh=

terminal descent configurations considered (Section 2.3.6.4).

e. Discussion of the sequence of events and characteristics of the preferred

terminal descent configuration (Section 2.3.6.5).

f. Discussion of the sequence of events and characteristics of alternate

configurations (Section 2.3.6.6).

2.3.6.1 Computer Program Description - Three computer programs were utilized for

the investigation and optimization of various terminal descent configurations. They

are as follows:

o A 3 degree of freedom (DOF) analog simulation was used for the original

analysis. Translational and rotational motion about the center of gravity

was restricted to the vertical plane. Familiarity with the various control

loop configurations was obtained utilizing this simulation. The influence

of engine and radar response times, radar noise and bias errors, steady

winds and gusts, and surface slopes were included in the simulation.

Scaling problems limited the use of this simulation in obtaining accurate

Lander data during the final constant velocity descent phase.

o A 3 DOF, two body, digital simulation was used to obtain the relative

relationship between the Aeroshell and Lander following separation. The

simulation was written based upon the following constraints and assumptions:

a. Motion was restricted to rotation and translations in the entry plane.

b. The Aeroshell was considered to be a point mass, i.e., drag effects only.

c. The aerodynamic forces and moments on the Lander were considered negligible.
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d. Stylized control system which performed perfect deceleration throttling

with no system lags.

e. The flight path of the Aeroshell was not perturbed during the separation

impulse.

f. The Aeroshell was assumed to be aligned with its flight path.

Main use of this program was in establishing the sequence of events for

the fire-in-hole Aeroshell-Lander separation technique. It was later

modified to perform the parachute trajectory analysis discussed in Sec-

tion 5.10.

o A 6 DOF digital simulation _itten in the MIMIC language. This program was

the main analysis tool in establishing the loop characteristics and sequence

of events for the preferred and the fire-through-hole terminal descent

systems. In addition, various feasibility studies such as engine out capa-

bility and roll control with canted engines were performed with this simu-

lation. The following are some of the features of this simulation:

a. Complete aerodynamics

b. Rigid body dynamics

c. Mass depletion

d. Center-of-gravity offset

e. Complete mode switching

f. Transfer function representation of the radar and engine lags

g. Ground slope effects

h. Density computed

i. Radar bias and noise errors

2.3.6.2 Terminal Descent Configurations Considered - In analyzing various guidance

and control configurations, certain basic assumptions were used for all systems

considered. These assumptions were established in part by Reference 2.3-3 and in

part by McDonnell. They are as follows:

o The systems will utilize liquid throttleable rocket engines to provide the

final deceleration. Consistent with this assumption, pitch and yaw control

are obtained by differential throttling.

o A radar system will provide range and velocity of the Lander referenced to

the surface.

o The Lander will be separated from the Aeroshell prior to touchdown (See

Part A, Section 3.2.1.4).

o A radar altimeter (to obtain entry data) will be available to supply desired

triggering functions.
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In addition to the above assumptions, most of the analyses were based on anticipated

1973 weights: a 2,700 pound Lander and 1,000 pound Aeroshell. Increases in Lander

weight for the later missions were considered to determine the possible growth

potential of the 1973 Lander engines.

A summary of the terminal descent configurations considered is presented in

Figure 2.3-77. All of these systems were not analyzed to the same degree for reasons

of time available. However, by including them in the summary chart, some of the

advantages and disadvantages of each can be compared. Although the terminal descent

phase is considered to start at engine ignition, the sequence of events during

parachute fall is included for overall understanding of those systems employing an

auxiliary aerodecelerator. In general, the analysis attempted to establish a sequence

of events which would allow sufficient time to perform required functions within the

constraints imposed on the hardware. These constraints were not always the same

and are noted in Figure 2.3-77. Major factors which inliuenced eh_ L=NUi_=d =e_enac

include the following:

o Aeroshell interference with the radar line of sight.

o Verticalizing the flight path angle sufficiently for radar lock.

o Available information for performing the sequence of events.

o Attempting to utilize throttle ratios of i0:i or less.

From an overall system design standpoint, the major considerations involved in

selecting System A as the preferred concept are discussed in Section 4. The guidance

and control analysis of the preferred concept and the other candidates which contri-

buted to the overall evaluation presented in Section 4 are discussed in the following

paragraphs.

2.3.6.3 Control Loop Configurations - The most economical manner to reduce the

velocity vector is a gravity turn deceleration in which the thrust axis is main-

tained along the vector and a commanded descent profile is followed. In general,

certain control functions must be provided in order to perform the gravity turn

deceleration and other portions of the control sequences which are common for all

of the terminal descent systems analyzed. These control functions are:

o Pitch and yaw control required for (i) damping initial rates, (2) provide

inner loop stabilization for lateral velocity control, and (3) provide

inertial hold stabilization when gravity turn deceleration control is not

desired or when velocity information is lost.

o Lateral velocity control to provide the gravity turn alignment by nulling

radar measured lateral velocity components such that the thrust axis is

along the radial velocity component.
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o Deceleration control to provide the required thrust in response to constant

acceleration commands and commands based on the deceleration logic.

o Generation of the deceleration commands to follow a desired velocity - range

relationship to the initiation of a constant velocity descent phase which

ends with engine shut-off.

o Roll control to maintain fixed roll orientation during the powered phase of

the terminal descent.

Various considerations in establishing the above control loops are discussed

in the following paragraphs and the preferred configurations are summarized. In

addition, a summary is presented of the work performed in analyzing engine-out

capabilities for a six engine configuration. The various analyses utilized results

from the analog simulation and the 6 DOF digital simulation discussed in the previous

paragraph. In establishing the control configuration, throttleable engines with

i0:1 thrnttq_ r_t_n_ w_r_ _11m_d w_th 10% of th_ rated thrust and 20% of the deed

throttle thrust allowed for attitude control. These same percentages were maintained

and proved adequate when lower throttle ratios were utilized in the analyses.

Pitch and Yaw Attitude Stabilization - The basic loop configuration employed

utilizes rate and integrated rate data for stabilization and attitude hold,

respectively, as shown in Figure 2.3-78. The various hardware aspects in instrument-

ing this configuration (types of gyros and analog versus digital methods) are discussed

in Section 5.8. Functionally, this type of configuration was preferred instead of

using lead compensation for rate damping because it is (i) easily stabilized,

(2) permits use of much larger loop gains, and (3) easier to readjust gains as

throttleable engine characteristics are established. Engine transfer functions were

originally assumed to be a single order lag with a .2 second time constant. Figure

2.3-78 includes the transient resulting from a 50 deg/sec initial pitch rate for a

rate loop gain (Kq) of 4,200 ft-lb/rad/sec and with an integral loop gain (Ke) of

4,500 ft-lb/rad. These gains were used in subsequent analysis of the various terminal

descent systems. As seen from the response, the above gains give a fast response

characteristic that is slightly oscillatory. Additional compensation could be included

in the forward loop to damp these oscillations more quickly; however, it was felt

that this was unwarranted because of the uncertainty in the engine transfer function.

As an example, Reference 2.3-7 presented the following transfer function for a

1,500 pound engine:

F 3290

-X--=c ('0035S+I) S[(_4)2 + $7__ + i]
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CHARACTERISTICS OF PITCH AND YAW ATTITUDE STABILIZATION LOOPS

FUNCTIONAL BLOCK DIAGRAM
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where the maximum allowable position command, Xc, is .456 in. This response is

based on the linearized second order approximation of test data from an experimental

test valve. The transient response to an initial 50 deg/sec pitch rate, utilizing

the above transfer representation for the engine valve and gains similar to those

used with the single order system, is also shown in Figure 2.3-78. The response is

faster and highly damped. In order to arrive at conservative initial rate damping

times for use in sequencing studies, the response of the first order valve was

selected as being representative. It is believed that this assumption will allow for

valve transfer function uncertainty and non-linearities typical of such devices.

Attitude Reference - For each of the terminal descent systems investigated,

pitch and yaw attitude was controlled to the inertial reference immediately follow-

ing ignition. As shown functionally in Figure 2.3-78, this reference would represent

the position of the Capsule body axes at the instant the rate path through the inte-

high body rates and attitude oscillations. In the various descent sequences inves-

tigated, body rates up to 30 deg/sec and attitude excursions from 15 to 50 degrees

can be realized from sharp edge gusts. The attitude excursions will be maximum for

the preferred concept since the Aeroshell has been released prior to ignition and the

accompanying restoring moments are no longer available. Hence, it is imperative

that the attitude reference be made insensitive to body oscillations; thus, when

control is initiated, the roll axis is controlled along the relative wind direction

and will assure radar acquisition after the rates have been damped.

The preferred concept mechanization is described in Part C, Section 9.4. In

summary, rate integrating gyros are pulse rebalanced so that the output signals are

a series of pulses; each pulse representing an incremental rotation of the Lander

about the body axes. These pulses are utilized by the Guidance and Control Computer

(GCC) to calculate a set of attitude errors with respect to a reference frame. In

the vicinity of maximum entry dynamic pressure the Capsule will be aerodynamically

trimmed to zero angle-of-attack. Thus, the body axes will be aligned to the relative

wind vector and this reference frame is transferred to the computer by setting the

attitude error angles to zero. Once this frame has been initialized, a method must

be established to rotate the reference to follow the average direction of the Capsule

roll axis, but not the instantaneous attitude variations produced by gusts or parachute

dynamics. The Inertial Pitch/Yaw Subroutine, discussed in Part C, Section 9.4 is a

computation scheme to perform this operation. This computation softly cages the

REPORT F694•VOLUME II • PART B •31 AUGUST 1967

MCDONNELL ASTRONAUTICS

2-133



u

pitch/yaw inertial attitude reference vector, i, to the vehicle roll axis vector,

_B' through equation,the

c = C (i x kB) (2.3-1)

where m is the command rotational rate of the reference vector, and C is thec

erection gain. The rotational equation, relating the rate of change of the reference

vector direction cosines to the command rotation rate, m , and the vehicle rotation
c

rate m is

dl
d---_ = (_c- _) x T (2.3-2)

B

where the subscript B, designates the vehicle (body) coordinate frame. The scalar

equations that must be mechanized are formed by substitution of equation (2.3-1) in

equation (2.3-2) and expanding. This yields

liB = 12B m3B - 13B (m2B + CIIB)

12B = 13B (mlB - CI2B) - liB m3B (2.3-3)

13B = liB (_2B - CIIB) - 12B (mlB - CI2B)

Analytical expressions were obtained to compute the erection errors for steady

pitching motion (typical of flight path turning), sinusoidal pitching (typical of

oscillations due to gusts) and pitch and yaw coning (typical of parachute motion).

The erection errors are steady state errors measured as the angular difference

between the erected reference vector and a vector aligned with the local flight path.

The errors were found using the steady state solution to the above equations of

motion.

o

o

Steady Pitchin_ - The erected reference for steady pitching should follow

the vehicle roll axis. The error is measured as the angular difference ¢i'

of the pitch/yaw attitude reference vector and the vehicle roll axis vector.

This error is given by,

_i = Sin -I e/C (2.3-4)

where e is the assumed steady pitching rate of the vehicle, and C is the

erection gain. This error is shown in Figure 2.3-79.

Coning - The erected reference for coning motion about the local flight

path should coincide with the local flight path. The error is measured as

the angular difference, _2' between the erected reference and a reference

vector along the local flight path. This error is given by
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ATTITUDE REFERENCE ERROR DURING STEADY PITCHING

o)

"1o

I

L..
L_

ILl

U
¢-
P

Iv"

IO0

8O

60

40

2O

0

/
/

0.2 0.4 0.6 0.8 1.0

Pitching Rate

Caging Gain C

REPORT F694•VOLUME TI •PART B •31AUGUST 1967

MCDONNELL ASTRONAUTICS

Figure 2.3-79

2-135



[  ]]12_2 Sin-i i + (_/C) 2 2 (a/C) Sin e 2= _ - --- - - (2.3-5)

where _, is the rotation rate of the vehicle about the cone, and O is the

cone angle between the vehicle roll axis and a reference vector aligned

to the local flight path. This error is shown in Figure 2.3-80.

o Sinusoidal Pitching - The erected reference for sinusoidal pitching should

coincide with the local flight path. The error is measured as the angular

difference, _3' between the erected pitch/yaw attitude reference vector and

a reference vector aligned with the local flight path. This error is

evaluated at the time the sinusoidal pitching rate is zero. The zero rate

erection error is g_en by,

¢3 eo (2.3-6)

where 8o, is the peak amplitude of the sinusoidally varying pitch angle. The

maximum error during sinusoidal pitching is,

These errors are shown in Figure 2.3-81.

Choice of an appropriate gain which will minimize the error can be obtained for

the anticipated type of Lander angular motion from the error plots. This is illustra-

ted by the following examples:

o The maximum Capsule flight path angle turning rate during entry varies from

.5 to .85 deg/sec depending on the atmosphere encountered. This will increase

to approximately 1.8 deg/sec with the parachute-Lander configuration of the
-i

preferred system. From Figure 2.3-79, a gain of .175 sec is required to

restrict the reference error to i0 degrees based on a 1.8 deg/sec turning

rate. For any turning rate less than thisp the error will be proportionally

less.

o Parachute-Lander attitude responses to a sharp edge gust are shown in

Section 5.10. These responses indicate a low amplitude (_2.5 deg), high

frequency (i cps) oscillation superimposed on a high amplitude (50 deg.

peak to peak_ low frequency (.1 cps) oscillation. Assuming sinusoidal motion,

the maximum reference oscillation would only be .27 of the low frequency

body motion and essentially none of the high frequency as indicated in
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Figure 2.3-81 with the previous set gain value. By initiating the inertial

hold near zero detected rate, the reference deviation from the flight path

would be only .07 of the peak body motion.

o Hence, a RSS reference error of 16.8 deg or 10.6 deg (with rate detection)

would be present with the aforementioned steady pitching rate and oscilla-

tions.

o Coning frequencies of .i cps are also representative of parachute oscilla-

tions. For a 30 degree cone angle, the reference error would be 7.8 degrees

as seen from Figure 2.3-80.

The above illustrates the mechanics of using the error curves to obtain an

estimate of the reference error for assumed body motions. A computer simulation of

the computational scheme with realistic combinations of body rates is required to

fully evaluate the soft caging technique. The simulation is presently being developed

and continuin_ studies are bein_ performed.

Lateral Velocity Control - In order to follow a gravity turn descent, the

vehicle thrust axis must be controlled to the instantaneous velocity vector. This

can be accomplished by nulling the lateral velocity components of the landing radar

output as shown for a single axis in Figure 2.3-82. The ratio of lateral velocity

(VL, normal to the roll axis) to radial velocity (VR, along the roll axis) is used

as rate command input signal to the attitude control loop. This provides a

variable gain _/V R to the loop. This gain variation is required for certain tra-

jectories wherethe flight path rate of change increases rapidly as the Lander

approaches the surface. As VR decreases, it increases the effective loop gain, thus

providing increased turning rate command to maintain the roll axis along the rapidly

turning velocity vector. However, in order to prevent radar loss of track, a iimiter

is used in the forward loop to prevent excessive rate commands. This limiter is set

at 15 deg/sec which is compatible with the radar rate limitations shown in Section 5.9.

Because of this rate limitation, the deceleration command profile is adjusted such

that the flight path turning rate near the surface is minimized. This is discussed

in one of the following paragraphs (Deceleration Commands).

Based on a point stability analysis of the lateral velocity loop, an unstable

pole is revealed with a magnitude:

Td = T/m - g__ (2.3-8)
V

where T/m is the thrust acceleration, gM the Martian gravity, and V the magnitude of

the Lander velocity. This is best illustrated from the transfer function represen-

tation shown in Figure 2.3-83. The angle of attack, _, is a measure of the lateral-
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LATERAL VELOCITY LOOP TRANSFER FUNCTION REPRESENTATION
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radial velocity ratio, VL_ R. Application of Routh's stability criteria to the closed

loop characteristic indicated that the gain, _, must be equal to or greater than Td

assuming a zero radar filter time constant. For finite time constant value, the gain

boundaries depend on the assumed constant velocity. Using radar time constant

of .5 sec, a plot of the critical gain is shown in Figure 2.3-84 as a function of

Td for various assumed velocities. In addition, Figure 2.3-84 shows the time history

of Td during the terminal phase of various simulation runs. A value of 2.1 rad/sec

was employed for _ which was considerably greater than any of the critical gain

values shown; hence, no instability problems were expected and the system is shown to

be stable.

Figure 2.3-82 also presents loop response to an initial lateral velocity for

various values of _ and two loop configurations. The initial lateral velocity error

is representative of a steady wind condition. The two loop configurations differ

u,iy with L_d LU _uu_aLion of Lh_ race command signal wiLL Lh_ body caL_ _igLial.

The preferred configuration is shown in solid lines. The choice was based on the

following:

o Better damping characteristics

o No steady state attitude error (output of integrator) is required to offset

nominal turning rate in order to obtain zero moment command.

Chief disadvantage is that radar output is sent directly to the thrusters; hence,

additional filtering may be necessary.

Thrust Control Loo_ - Engine thrust control can be obtained by "open loop" thrust

commands or "closed loop" in conjunction with an axial mounted accelerometer as shown

in Figure 2.3-85. The "open loop" control will have feedback when responding to the

radar generated deceleration signal; however, when not in this mode, thrust output

is dependent only on valve position. With accelerometer feedback, valve position

will adjust to give desired value of acceleration, regardless of weight changes due

to propellant usage. Although accelerometer feedback is more complex, it was felt

that closed loop control is desirable for all phases of the descent sequence and

hence this configuration is employed in the preferred concept.

The required gain and compensation of the accelerometer loop is highly dependent

on the assumed transfer function of the engine valve. If, as discussed in the pitch

and yaw stabilization paragraph, a first order system is assumed, the task is

relatively simple. A high forward loop gain is all that is required to obtain fast

response with a low steady state error. However, a second order or greater transfer

function is more likely to represent the valve response. Use of only a forward loop
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gain with this configuration will result in a very poorly damped system with large

overshoots. This is illustrated in Figure 2.3-86, which indicates that the damping

coefficient of the overall loop is equal to the damping coefficient of

the valve reduced by a factor proportional to the forward loop gain. For gain values

that will provide 2% steady state error, the loop damping ratio will be 1/7 that of

the engine valve.

Several other types of linear compensation were analyzed. The configurations

are shown in Figure 2.3-86 along with typical responses obtained from an analog

simulation. Fast response, low dynamic overshoot, and zero steady state error are

obtainable with proper choice of gain for both the integral and integral plus gain

compensation.

The non-linear compensation presented in Reference 2.3-8 was also analyzed.

This configuration is shown in Figure 2.3-87. When the acceleration error exceeds

_ _I _.. A_A_ /_ _ _ ..... _ _ - _ ..... • • _ .......

is within the deadband. Figure 2.3-87 also presents some typical responses for

various gains. To prevent overshoot through the relay deadband in response to a

step input of acceleration, the following relationship must be satisfied:

db _ _(_Im (2.3-9)

Another feature of this non-linear compensation is its adaptability to inserting

a feedback from the engine valve positions to the input of the integrator to prevent

the valves from going to their stops (See Figure 2.3-87). This provides a thrust

signal override to permit differential throttling for attitude stabilization. This

additional feedback signal was not simulated because it did not appear necessary for

the preferred sequence. However, for the all-propulsion system where the Aeroshell

remains withthe Lander until near the surface, it appears to be desirable in the high

drag regime where drag deceleration may be greater than the commanded deceleration

and cause the thrusters to bottom out.

The relay deadband integrator was chosen for the preferred concept because it

is quite adaptable to various engine characteristics. If, after additional analyses,

a need does arise for overriding the thrust signal in favor of moment control, the

additional feedback from the valve positions can be added.

Deceleration Commands - Establishing the method for generating the descent

profile to reduce the velocity to the final desired value was one of the prime tasks

of the terminal descent analysis. Minimum impulse can be realized from using maximum

available deceleration thrust after a low powered or free fall as shown in
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LINEAR TYPES OF THRUST LOOP COMPENSATION

Second Order Engine Valve -

Compensation
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Figure 2.3-88. However, other system considerations dictate that a modified profile

be employed. These include:

o Verticalization of the flight path angle prior to switch over to the

constant velocity descent

o System response and equipment errors require the descent profile to be

biased above the maximum deceleration curve.

o Desire to simplify the mechanization of the deceleration profile.

Of these considerations, the first is considered to be the most important.

Since lateral velocity control is not employed during the constant velocity descent

phase because of the noise uncertainty in these signals, misalignment of the thrust

axis from the vertical will result in a horizontal velocity increase during this

phase. The gravity turn type descent will assure flight path verticalization as

the velocity approaches zero. However, for maximum thrust deceleration, the rate

........ _ .......... _,,_ _=LL =,_i= i= = m=_imumL as Lh_ veiociey approaches zero.

This is illustrated in Figure 2.3-89 which presents the flight path angle change

as a function of velocity change for several constant and variable deceleration

thrusts. This data was obtained from approximate analytical expressions; however,

the simulation verified the results. At i0 ft/sec velocity, the flight path angle

is reduced to 40% of its original value and the rate of change is approaching

infinity for the maximum constant deceleration. Keeping the thrust axis aligned

with the flight path during the high rates of change is not possible due to control

limitations. Hence, an alternate velocity-range time history must be followed during

the final deceleration to assure alignment of the thrust axis to the flight path so

that no transient conditions exist when the constant velocity phase is initiated.

Two simple throttle laws were investigated:

o Linear energy law (adaptive)

V 2

a =--+ _Mc 2R

o Linear velocity law (Surveyor type)

ac =" [KI(R- K2) + K3 - VR] LIM

where: V R is the capsule range velocity

R is the slant range

_, KI, K2, K 3 are constants

a is the deceleration command to the thrust loop
c

gM is the Martian gravity

(2.3-10)

(2.3-11)
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GENERALIZED TERMINAL DECELERATION
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Functional mechanization of these deceleration commands is shown in Figure 2.3-90.

The linear energy law forces the capsule energy to decrease linearly with altitude,

thereby creating a constant deceleration thrust profile. It utilizes the existing

range and velocity information and computes the acceleration to be applied to reduce

these parameters to zero. Although the velocity and range conditions for a given

situation may not require maximum thrust, the undesirable characteristics of flight

path verticalization are the same as previously discussed. This is further

illustrated by the flight path angle change for 2/3 and 1/2 maximum thrust in

Figure 2.3-89. While the situation is improved, a relatively high percent of the

flight path angle is verticalized during the final velocity reduction for these

reduced thrust profiles.

The linear velocity law, which was utilized in the Surveyor system, forces the

capsule velocity to decrease linearly with altitude based on pre-programmed constants.

inzs ±aw requires the thrust level to Degin near maximum and decrease to become

equal to the capsule weight near the end of the descent. Obviously by using a number

of straightline segments_ the maximum deceleration thrust curve can be approximated.

However, this again would be undesirable with respect to flight path verticalization.

Figure 2.3-89 also presents the flight path response as velocity is decreased for

three linear velocity law slopes, 5, 6.5 and 8 ft/ft/sec. As seen, for these slopes

the flight path angle is verticalized at much higher velocities than are the constant

deceleration cases.

Figure 2.3-91 presents actual velocity-range time histories from the 6 DOF

simulation for an initial Lander velocity of 400 ft/sec and a flight path angle 30

degrees from the vertical utilizing the three linear velocity law slopes. Maximum

commanded deceleration was limited to 71 ft/sec 2. As the slope was increased, the

capsule acquired the descent profile at a higher range with a corresponding increase

in deceleration time. As seen, the Lander acquired the 5.0 sec slope at a velocity of

35 ft/sec and 200 ft. range. This response was adequate for good verticalization;

however, the 6.5 sec slope was preferred for the added margin required when controlling

to a downhill ground slope.

Impulse requirements are presented in Figure 2.3-92 as a function of descent

profile slope. An additional 5,000 Ib-sec. impulse is required when utilizing the

6.5 vs 5.0 slope; however, it is felt that the additional time obtained in vertica-

lizing the flight path angle and settling the control transients warrants this

impulse penalty. As a comparison, a theoretical 50,400 ib-sec, impulse is required

when following a maximum deceleration history after a .8g M fall. This is 16,600 ib-sec

less than required with a 6.5 sec descent profile slope.
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DECELERATION COMMAND MECHANIZATION

PREPROGRAMMED (Linear Velocity Profile)
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EFFECT OF DESCENT PROFILE SLOPE ON THE RANGE-VELOCITY HISTORY
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A comparison of the impulse requirements for the pre-programmed and adaptive

type of logic is shown in Figure 2.3-93 as a function of initial velocity for the

preferred terminal descent concept. The impulses are comparable in the high velocity

region. In the low region, the adaptive system requires considerably more because

at the lowest velocity shown, an extremely low deceleration (_ 13.5 ft/sec 2) is

commanded. This can be reduced by modifying the adaptive system to delay the

deceleration command until a higher level is required.

In summary, the Surveyor (pre-programmed) type of logic was selected for the

preferred system to obtain the better type of flight path verticalization character-

istics. A single slope of 6.5 ft/ft/sec was utilized since it was (i) compatible

with the required sequence timing of the preferred system (discussed in 2.3.6.5);

(2) maximum anticipated velocities were less than 450 ft/sec, and (3) the responses

were adequate as shown in Figure 2.3-91. For the fire-in-hole and all propulsive

aicernane sysL_m_ ui_uu_=d i, _.3.7. _ = _J- _ -_ ........._ _°A _°_°,,=_ _F _h_

larger range of initial velocities.

Roll Control - Attitude stabilization about the roll axis can be obtained by

(i) swiveling engines, (2) jet vanes, (3) reaction jets, and (4) differential

throttling. For each type of actuation system, stabilization signals can be obtained

from roll rate and integrated roll rate information with a configuration similar to

the pitch and yaw loops. Of the aforementioned actuation systems, the first three

are relatively standard and are compatible with providing roll control for multi-

engine configurations. However, when dealing with an even numbered engine configu-

ration of 4 or more, roll control is feasible by using differential throttling.

The feasibility of this type of control is basically the only type that was investi-

gated from a control response viewpoint because:

o No previous analysis of this type of system has been encountered.

o The other types of control have been used in many other systems and are

basically "state of the art" methods.

o It is a simple and inexpensive way to obtain roll control assuming additional

considerations have warranted using four or six engines.

o Time did not permit a simulation of the alternate systems. However, the

requirements of these systems were investigated and are presented in

Section 5.13.4.4.

The two basic requirements for obtaining roll control by differential throttling are

(i) canted engines and (2) expansion of the gain matrix in the autopilot that converts

deceleration commands and pitch and yaw moment commands to thruster commands. Only
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1.5% or less axial thrust is lost when canting the engines I0 degrees or less.

Figure 2.3-94 presents the rate response and the amount of differential thrust

required to null i0 deg/sec rates for various cant angles. The gains used produced

responses similar to those of the pitch and yaw loops. The 5 degree cant angle

utilizes 1,600 ibs. of differential thrust which allows 800 ibs. remaining for

pitch and yaw control. Figure 2.3-94 also presents the rate response for a situation

with 50 deg/sec initial pitch and yaw rates and lOdeg/sec roll rate using a 5 degree

cant angle. The engines were ignited at .5 maximum thrust to assure uniform start

and provide large differential thrust capability. From these results, a 5 degree

cant angle appears adequate to provide good roll control in the presence of other

axis disturbances. As seen, rates were damped to less than i deg/sec in 2.8 seconds.

The engine gain logic is an expansion of the logic required for the deceleration

and the Ditch and yaw control. Figure 2.3-95 presents a functional flow diagram of

the logic (which is a gain matrix) required to convert the command signa±s to engiL_=

valve inputs. The command signals are generated from the attitude and deceleration

loops. This matrix is the inverse of the geometric matrix which relates the moments

and linear forces to the engine thrusts. Hence, if it is assumed that each engine

has a unity transfer function, the relationship of input command to output is unity

and no coupling is present. Figure 2.3-95 presents the geometry matrix for a four

engine configuration.

Coupling will be present when the engine characteristics are not uniform and

when the gain matrix and geometric matrix differ. This difference results from:

(i) engine installation misalignments, (2) c.g. uncertainties, and (3) c.g. travel

during the burn. Of the above, c.g. travel would be the largest contributor in the

preferred system design because of the propellant tank arrangement. Figure 2.3-96

presents rate responses for a four engine system with a c.g. offset. The offset

is representative of the maximum expected c.g. travel for the preferred concept. The

disturbance is created when the engines are throttled to maximum thrust at the

initiation of the descent profile phase.

Engine-Out Study (6 Engine Configuration) - The primary reasons for analyzing a

six engine configuration were (i) the potential of achieving roll control with canted

engines, and (2) the potential of having a single engine failure without catastrophic

effects. The roll control potential was discussed in the previous paragraph with

regard to a four engine configuration. Results discussed would also pertain to the

six engine configuration.

The engine-out capability study attempted to develop a workable system that
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ENGINE CANT ANGLE EFFECTS ON ROLL RESPONSE CHARACTERISTICS
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EFFECTS OF A C. G. OFFSET ON

BODY RATE RESPONSE WHEN ENGINES ARE THROTTLED UP
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would rely only on body rate information to detect a potential engine off situation.

When body rates exceeded a set threshold, the gains of the thruster matrix were

modified to represent a five engine configuration, the engine-out being determined

from the polarity of the body rates. This type of detection of course cannot dis-

tinguish between a rate caused by a failure or an initial condition at ignition. The

following summarizes the results of the study:

o The deceleration command must be reduced to 2/3 of maximum available.

o Once the rate threshold has been exceeded, the gain matrix must represent

a five engine configuration. This configuration may change as polarity of

the rates change; however, it cannot return to a six engine configuration.

o In addition to rate threshold detection, the rate direction (increasing or

decreasing) must be detected in order to keep the system from settling

to a steady state rate equal to the rate threshold. This additional

measurement maintains the gain matrix in a specific configuration until the

body rate has passed completely through the rate threshold band.

o With the aforementioned characteristics, the terminal descent sequence of

events were performed satisfactorily for an engine-out failure utilizing a

symmetrical, evenly spaced six engine configuration.

o In addition, the system functioned satisfactorily when the detection system

triggered due to an initial rate.

From the results of the analysis it was concluded that utilizing rate informa-

tion alone resulted in too complex a gain change system. Six gain matricies and

the rate logic for proper selection would be required. The logic to handle any engine-

out in a six engine configuration has not been developed. Only the logic required for

the engines located on the principle axis that produce one rate component was

analyzed. Additional simulation runs were performed which assumed a detection system

was available that could detect the engine which failed and would turn off the

diametrically opposite engine. With the two engines out, the system performed

satisfactorily with no gain change required. However, no analysis was performed to

establish the required speed of response for detection and subsequent shutdown.

In summary, a detection system is required to determine which engine has failed.

With this information, the diametrically opposite engine must be shutdown, and in

the case of an engine on failure, additional shutdown capability must be provided

for the failed engine. With this type of detection capability, nothing can be

achieved by changing the gain logic and leaving the five good engines on, because

the logic in effect reduces the thrust of the engine diametrically opposite to the

failed engine.
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Overall Configuration - The overall block diagram of the control configuration

utilized in determining the terminal descent sequence of events for both the preferred

and alternate systems is shown in Figure 2.3-97. Gain values are those previously

discussed. A single order transfer function with a relatively slow (.2 second) time

constant was utilized for the engine valve transfer function based on the discussion

in the pitch and yaw attitude stabilization paragraph. As noted in the descent

profile block the velocity command, U is fixed at i0 ft/sec when the range becomes
' C'

50 ft., which signifies the start of the constant velocity descent phase. The signi-

ficance of these parameters on the landing velocity dispersions are discussed in the

following sub-paragraph (2.3.6.4). A .5 second time constant filter was utilized to

filter the radar outputs. From the original analog studies, this amount of filtering

was adequate for the range and range velocity signals. However, noise on the lateral

velocity signals has a more pronounced effect on system response, especially as the

Lander velocity approaches the constant velocity descent pnase. Inls a±so zs further

discussed in the following sub-paragraph.

2.3.6.4 Landing Velocity Considerations - There are four main considerations that

influence the touchdown velocity which must meet the constraints of being less than

25 ft/sec vertical and i0 ft/sec horizontal. They are as follows:

o Thrust axis orientation at the initiation of the constant velocity descent

phase.

o Control parameters during the constant velocity descent phase, i.e. command

velocity and initiation and termination altitudes.

o Ground slope.

o Surface wind.

Thrust Axis Orientation - If the thrust axis is vertical at the initiation of

inertial hold immediately prior to the constant velocity descent phase, horizontal

velocity build-up will not occur during the final descent other than that produced

by wind effects. However, horizontal velocity can increase with off vertical

orientation of the thrust axis, the magnitude being dependent on (I) the off vertical

angle, (2) the time to descent to the cutoff altitude, and (3) the magnitude of

the ground slope. The inter-relationship between the aforementioned factors are seen

in Figures 2.3-98, 2.3-99 and 2.3-100. Figure 2.3-98 illustrates the nominal time

it takes to reach a termination range of i0 ft as a function of thrust misalignment

angle from the vertical and worst case (velocity downhill) ground slopes assuming an

initial range of 50 ft and a constant i0 ft/sec control velocity. For a ground slope

of 40 degrees, a maximum time of 8 seconds is reached at a 10.3 deg misalignment
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PREFERRED TERMINAL DESCENT FUNCTIONAL BLOCK DIAGRAM
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ELAPSED TIME FROM INITIATION OF CONSTANT VELOCITY COMMAND TO THRUST TERMINATION

AS A FUNCTION OF GROUND SLOPE (p) AND THRUST AXIS MISALIGNMENT FROM VERTICAL
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VELOCITY ALONG AND NORMAL TO GROUND SLOPE AT TERMINATION OF THRUST AS A

FUNCTION OF GROUND SLOPE (p) AND THRUST AXIS MISALIGNMENT FROM VERTICAL
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angle. This misalignment angle represents a critical angle above which the Lander

will not reach the cutoff range. The critical angles as a function of ground slope

are shown in Figure 2.3-99. The boundary conditions are established by the follow-

ing expression:

sin e tan (0-9) =

• 2

Yo

2gM (Yo-Yco)
(2.3-12)

where: e = Thrust misalignment from vertical

0 = Ground slope

Yo = Constant control descent velocity

Yo' Yco = Initiation and cutoff ranges respectively

gM = Martian gravity

A_ _een from Fimure 2.3-99. the critical angles increase as the right hand side

(control ratio) of the previous expression increases, i.e. as the descent velocity

increases, or the fall range (yo-Yco) decreases_ a greater misalignment angle off

the vertical can be tolerated for a given ground slope. The critical angle boundary

is presented for three different control ratios. The preferred ratio of .102 is

based on a descent velocity of i0 ft/sec, an initiation range of 50 ft, and cutoff

range of I0 ft. This ratio has no critical angle for a 34 degree ground slope;

hence, cutoff range will be reached for any ground slope within the constraint

requirements. However, velocity along the ground slope is proportional to misalign-

ment angle as shown in Figure 2.3-100 for the preferred control parameters. Limiting

the downhill velocity to I0 ft/sec, the greatest misalignment angle that can be

tolerated is 5.9 degrees for a 34 deg ground slope.

Contributors to Thrust Axis Orientation Errors - Prior to the initiation of the

constant descent velocity command, pitch and yaw attitudes of the capsule are

controlled to null the two normal components of the landing radar measured velocity.

Hence, the roll axis of the capsule is nominally controlled along the inertial

velocity vector (flight path). Therefore, if the capsule is in a true vertical

descent and the roll axis is being perfectly controlled to the velocity vector, the

attitude reference at the initiation of the constant velocity command will also be

vertical, assuming no alignment errors. However, various factors can produce a non-

vertical reference which in turn will produce a horizontal velocity build-up during

the one gMburn when controlling to the constant velocity command. Contributors to

the orientation error include the following:

o Wind Effects - For the 220 ft/sec design surface wind and the VM-8 atmosphere

REPORT F694•VOLUME II • PART B •31 AUGUST 1967

MCDONNELL ASTRONAUTICS

2-167



o

o

the thrust axis could be .7 degrees (30) from the vertical in order to

counteract the wind force. This is based on a Lander CDA of 18.4 ft 2

and assumes a 1 gM thrust level.

Nominal Flight Path An_le - The run summary of Section 2.3.6.5 presents the

flight path angles at the initiation of the constant velocity descent mode

for various atmospheres, wind conditions, and ground slopes. A vertical

flight path was achieved in all cases and the control system was positioning

the thrust axis along the flight path. Hence, neglecting instrumentation

errors, the nominal thrust axis will be vertical.

Equipment Misalignment - Landing radar and thruster misalignment errors with

respect to the inertial reference will also produce non-verticality at the

initiation of the constant velocity command. Figure 2.3-I01A illustrates

the geometry of radar and thrust axis misalignment with respect to the

i ci i _ - " --

command, the control loops null the component of velocity along the radar

y-axis. In order that the velocity along the radar y-axis remain zero,

the system tends to align itself so that the component of thrust along this

axis is balanced by a component of gravity. For this condition to exist,

8 = e (2.3-13)

while assuming a constant thrust to mass ratio, (a).

that the radar boresight can be aligned to within 2 to 4 milliradians;

however, unsymmetrical engine throat erosion and structural deflection may

cause greater thrust vector misa!ignment. Preliminary estimates indicate

that an equivalent i degree misalignment may result. For a four thruster

configuration, the resultant total thrust misalignment would be

= 1.41 deg.

Typical thrust acceleration prior to initiation of the constant velocity

command is 2 g's; hence, the reference axis will also be,

8 : (I'Z_gMI 1.41 =-1.41 deg. (30) (2.3-14)

\ gm]
from the vertical.

Radar Lateral Velocity Bias and Noise Errors - A radar lateral velocity

bias error does not cause a thrust axis misalignment in the true steady

state condition. This is illustrated in Figure 2.3-I01B° Assuming only

a bias error output along the radar y-axis, the system in the steady state

Current estimates indicate
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develops a component of velocity along this axis (hence a flight path angle

from the vertical) equal and opposite to the bias error. Simulation runs

verified that this situation does exist for the most adverse conditions, as

presented in the run summary of Section 2.3.6.5. However, in the presence

of radar noise, the true steady state condition is never reached. The

lateral velocity loop tends to follow the low frequency content of the noise

and the thrust axis orientation at the initiation of the constant velocity

descent phase is random. Twenty-six similar runs were obtained with simulated

radar noise through a .5 second time constant filter in the pitch lateral

velocity loop, using the 6 DOF simulation. The noise was assumed random and

had the following characteristics which are typical of the LM landing radar.

MEAN VALUE = .5 ft/sec

STANDARD DEVIATION (o) = .5 ft/sec

The following results were obtained at the initiation of the constant ve±o-

city descent phase:

Effective

Standard

Deviation

Standard

Parameter Mea____nn Deviation i o

Thrust axis angle from vertical -.703 deg 1.28 deg 1.46 deg

Horizontal Velocity -.43 ft/sec .17 ft/sec .51 ft/sec

The 30 RSS misalignment of th_ above values (wind, equipment and noise) is

4.67 deg.

Landin_ Velocity Dispersions - The horizontal velocity developed during the

constant velocity control stage and following free fall stage is due to the initial

velocity resulting from lateral velocity noise, thrust misalignment from the

vertical, and wind drift.

o The effective 30 initial horizontal velocity as previously shown is 1.53

ft/sec.

o From Figure 2.3-100 a misalignment arror of 4.67 degrees will develop

4.0 ft/sec horizontal velocity for zero ground slope and 8.8 ft/sec for

a 34 deg slope.

o The largest horizontal wind pressure developed is .62 ib/ft 2 for the VM-8

atmosphere. Assuming this to be a 30 value, a horizontal velocity of .67

ft/sec is developed during the 4.7 second descent time, assuming a CDA of

18.5 ft 2 .

The 30 RSS total of these contributors is 4.3 ft/sec and 8.9 ft/sec for zero
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and 34 deg ground slopes, respectively.

The vertical velocity at engine cutoff will be nominally i0 ft/sec. An addi-

tional 8.6 ft/sec will be acquired during the free fall from I0 ft. Dispersions

about this nominal value can be obtained as a result of radar range errors. The radar

range error of _.5 ft (30) can cause shutdown at 15 ft, which would add 3 ft/sec to

the vertical velocity. Hence, the following 3o values can be expected for the

landing velocities:

Horizontal (zero ground slope) - 4.3 ft/sec

Along 34 deg ground slope - 8.95 ft/sec

Vertical - 21.6 ft/sec

Ground slopes only tend to reduce the velocity component normal to the slope as

shown in Figure 2.3-100; hence, this effect was not shown in the above summary.

2.3.6 5 n==o_4_nn and Analysis of Preferred Terminal Descent System - In

determining the terminal descent control configuration of the preferred and alternate

concepts, the main objective was to establish a standardized control sequence and

configuration, regardless of atmospheric conditions, which would meet certain imposed

constraints that seemed to be desirable from an operational and design viewpoint.

For the preferred concept, these constraints were the following:

o Landing radar not designed to "see" through Aeroshell.

o Landing radar angular limitations similar to existing LM system.

o Aeroshell-Lander separation accomplished by differential drag provided by an

auxiliary aerodecelerator.

With these constraints, the prime concern in arriving at a feasible system is the

Lander-Aeroshell relative position. Deployment altitudes, parachute size and

Aeroshell release point (as discussed in 5.10) are all factors in determining the

initial conditions and the relative position of the Aeroshell with respect to the

landing radar line of sight at engine ignition. For the concept of differential drag

for Lander-Aeroshell separation, the Aeroshell will always be between the Lander and

the surface, hence, a high probability of radar interference. Therefore, the

parachute sizing, deployment altitude, and Aeroshell release point were tailored to

achieve Aeroshell impact with the surface in any atmosphere prior to the need for

landing radar information. Figure 2.3-102 presents a set of relative trajectories

for the VM-7 and VM-10 atmospheres which meet this requirement at Lander altitudes

of 4,300 and 6,700 ft. respectively. The parachute size for these trajectories was

70 f_ with a deployment altitude of 23,000 ft. and subsequent Aeroshell release 12

seconds later. Although, higher Lander altitudes at Aeroshell impact could be
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RELATIVE TRAJECTORIES OF LANDER AND AEROSHELL FOLLOWING SEPARATION
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achieved by increasing the size of the parachute, the equilibrium velocities of the

VM-10 and 8 atmospheres become too low. Hence, the presence of continuous design

wind may result in a shallow flight path angle which is not within the design con-

straints for radar lock-on when the roll axis is controlled to the velocity vector

during the gravity turn control. The wind geometry is shown in Figure 2.3-103.

Based on the data of Figure 2.3-102, control sequence and propulsion requirements

were established employing an ignition altitude for any atmosphere at 5,000 ft. The

complete sequence along wlth the events prior to parachute release are presented

below.

o Parachute deployed at 23,000 altitude. No active control.

o Aeroshell released 12 seconds from chute deployment.

o Terminal engines ignited at 5,000 ft altitude with valves positioned to

nrovide 50% maximum thrust in order to assure ignition. Inertial attitude

hold control initiated.

o Engines throttled to satisfy .8 gM command.

o Lander released from parachute .5 seconds from ignition after indication

that all engines are on. (See discussion below)

o Initial rates damped and landing radar acquires lock.

o Lateral velocity control initiated six seconds after ignition and thrust

axis controlled to velocity vector.

o Intersection of the preprogrammed descent profile and subsequent decel-

eration to the constant velocity descent phase.

o Inertial hold control during the constant velocity descent and engine

cutoff at i0 ft altitude.

In order to assure that ignition has occurred, burn out wires will be inserted

in each engine. If burn out has not occurred in one or more of these wires within

.5 seconds after ignition, shutdown commands will be sent to the engines and para-

chute release not initiated. This will provide the capability to obtain additional

TV data and provide a possible chance for partial survival at impact in case the

engines have failed. Burn out wires were selected over other detectors such as

acceleration level or chamber pressure switches because of their simplicity. The

burnout temperature will be set low (approximately 500°F) and the logic circuitry

will be such that an electrical failure will in effect indicate a normal ignition.

In this manner, no inadvertent shutdown signal will be generated in the case of

normal engine ignition.
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GEOMETRY OF LANDING PHASE
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Six (6) DOF simulation runs were performed utilizing the above sequence of

control for the VM-10, VM-8, and VM-7 atmospheres which represent boundary initial

conditions. A preprogrammed descent profile slope of 6.5 ft/ft/sec was employed

(unless noted) with the following terminal propulsion acceleration capabilities:

.64 gM (Minimum thrust) I

.8 gM (Minimum command thrust) _ Attitude Control Margin

5.76 gM (Maximum command thrust)

6.4 gM (Maximum thrust) I Attitude Control Margin

A four engine configuration was employed with roll control obtained from canted en-

gines. The control loop characteristics are those discussed as the preferred con-

figurations in Paragraph 2.3.6.3. Lander aerodynamic characteristics were neglected.

Figures 2.3-104 and 2.3-105 present the time histories for various pertinent

..... =_= _,,]_n_ _oT VM-7 and VM-10 atmospheres with wind i_nition conditions,

respectively. As can be noted, from the VM-7 altitude history, the Lander reached

a 4,300 ft. altitude 2.5 seconds after ignition. This is the Lander altitude at

wP.ich the Aeroshell impacts with the surface and hence 3.5 seconds still remain for

radar acquisition prior to initial lateral velocity control. The Lander roll is

controlled to the velocity vector prior to the initiation of the high thrust required

for the descent profile as noted in the • and g histories. While this is not

imperative, it is desirable in that high thrust is initiated while along the velocity

axis and hence undesirable changes in the flight path do not occur. Range-velocity

plots of no wind VM-7 and VM-10 ignition conditions are shown in Figures 2.3-106

and 2.3-107, respectively. Figure 2.3-108 summarizes the initial conditions, type

of run, and behavior of pertinent parameters at various stages of the sequence for

various atmospheric initial conditions, such as, winds, ground slopes and other

significant perturbations. Form this run summary, the following can be concluded:

o The aforementioned control sequence provided sufficient time to perform

the required control functions for the cases considered. This includes

reducing initial rates of 50 deg/sec down to acceptable values and having

7 seconds for radar lock and detection of the descent profile with the

limiting VM-7 case.

o The combination of range and flight path angle for the boundary cases,

including effects of worst case continuous winds, are within the limita-

tions of the landing radar.
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SUMMARY OF PREFERRED TERMINAL DESCENT RUNS

(SIX DEGREE OF FREEDOM SIMULATION)

RUN
NO.

L ;

1

5

6

RUN
TYPE

VM-10

VM- I0

VM-8

VM-8

VM-7

VM-7

INITIAL
CONDITIONS

Vo = 128
0o = 0
yo = 0

Vo = 175
0o = 0
Yo = 43.2

Vo = 205
0o = 2°
Yo = 2

Vo = 313
0o = 2°
Yo = 49.2

Vo = 300
0o = 10°
Yo = 10°

Vo = 408
0o = 10
Yo = 43.7

WIND
(ft./sec.)

120

230

230

GROUND CONDITIONS
SLOPE AT INITIATION
(deg.) OF LATERAL

VELOCITY
CONTROL

0

0

0

CONDITIONS
AT INITIAL

CROSSING OF
THE DESCENT

PROFILE

CONDITIONS
AT INITIATION
OF CONSTANT

VELOCITY
DESCENT

PHASE

t =6
R = 4222
V = 138
y :0
a,,it- -_. 0

h' = 4222

t =6
R = 4222
V = 183

y = 40.9
aT = 40.9
h = 4222

t =6
R = 3763
V : 215

y = 1.3
aT = .7
h = 3739

t =6
R = 3763
V =319
y = 47.5

aT = 45.5
h = 3760
t =6
R = 3263
V = 310

y =7.6
aT = 2.4
h = 3214

t =6
R = 3263
V =409
y = 41.5

aT = 31.5
h = 3214

24.3
1197
192
0
0
1197

23.2
1293
211
14.9
.4
1247

15.8
1508
244
.8
.02
1508

15.3
1926

319
35.4
.6
1558
10.1
1943
321
6.5
.1
1930

10.1
2410
411
37.6
.4
1921

42.8
90.6
9.4
0
0
90.6

41.9
90.9
9.4
0
0
90.9

35.6
91
9.4
0
0
91

35.1
91
9.4
0
0
91
31.5
91
9.5
0
0
91

30.8
91
9.4
0
0
91

TIME
IGNITI
TOUCH

(se(
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ROM

;N TO

)OWN

)

t - Time (seconds)
R - Range (feet)

V - Velocity (feet/second)

), - Flight angle from vertical (degrees)

- Attitude of longitudinal axis from vertical (degrees)

a T - Angle of attack (degrees)

p,q,r - Roll, pitch, yaw body rates (degrees/second)

IMPULSE

(Ib-sec)

59,610

60,470

58,900

63,390

62,050

67,170

TOUCHDOWN

VELOCITY

(f t/sac)

20.0

18.9

18.8

DOWNRANGE

DISTANCE

(ft)

2362

87

406219.4

19.6

19.0

LATERAL

VELOCITY AT

TOUCHDOWN

(f t/sac)

0

575

3711

COMM ENTS

Represents the terminal

phase for the lowest

ignition velocity.

Continuous wind effect

upon previous case.

No wind case for

following case.

Continuous wind effect upon
previous case which results

in shallowest flight path

angle at initiation of radar

lateral velocity control.

Represents the terminal

phase for the highest

ignition velocity.

Wind effects upon previous
case.



SUMMARY OF PREFERRED TERMINAL DESCENT RUNS (Continued)

(SIX DEGREE OF FREEDOM SIMULATION)

RUN
NO.

10

11

12

RUN
TYPE

VM- 10

VM-10

VM-8

VM-8

VM-7

VM-7

INITIAL
CONDITIONS

Vo = 128
8o = 0
Yo = 0

Vo = 175
#o = 0
Yo = 43.2

Vo = 205
8o -- 2
Yo = 2

Vo = 313

WIND
(ft./sec.)

0

Vo = 300 0

8o = 10
Yo = 10

Vo = 408
8o = 10
Yo = 43.7

120

230

230

GROUND
SLOPE
(deg.)

34

-34

34

-34

34

-34

CONDITIONS
AT INITIATION
OF LATERAL

VELOCITY
CONTROL

t =6
R = 4222
V = 138
y =0

aT = 0
II : _I. I d./..

t =6
R = 3737
V = 183
y = 40.9
aT = 40.9
h = 3737

t =6
R = 3878
V = 215

y = 1.3
aT = .7
h = 3784

t =6
R = 2743
V =318
y = 47.5

aT = 45.5
h = 2806

t =6
R = 3918
V =310
y = 7.6

aT = 2.4
h = 3400

t =6
R = 1904
V = 406

y = 41.8
aT = 31.8
h = 2098

CONDITIONS
AT INITIAL

CROSSING OF
THE DESCENT

PROFILE

24.3
1197
192
0
0
;;?7

16.1
1219
197
23
.7
1447

16.1
1500
245
.8
.02
1486

7.9
1738
320
46.0
15.6
2092

11.5
1963
325
6.1
.1
1806

5.6
2081
409
41.6
31.6
2293

CONDITIONS
AT INITIATION
OF CONSTANT

VELOCITY
DESCENT

PHASE

42.8
90.6
9.4
0
0

36.0
90.9
9.4
0
0
90.9

35.9
91.2
9.4
0
0
91.2

29.8
90.8
9.3
0
0
90.8

32.4
90.8
9.4
0
0
90.8

25.6
90.7
9.8
0
0
90.7

TIME
IGNI-[
TOUC

(:

Figure 2.3-108 (Continued)
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F ROM

ION TO

HDOWN

ec)

1.6

38.6

IMPULSE

(Ib-sec)

59,610

54,380

59,130

58,830

62,880

62,870

TOUCHDOWN

VELOCITY

(ft/sec)

20.0

19.1

19.5

18.8

19.8

19.2

LATERAL

VELOCITY AT

TOUCHDOWN

(ft/sec)

DOWNRANGE

DISTANCE

(ft)

2410

106

3260

744

3160

COMMENTS

Ground slope effects upon

the lowest velocity (VM-10)

case. Positive slope

represents a downhill slope,

negative uphill.

Same as runs 7 and 8 except

for a VM-8 atmosphere.

Same as run 7 except for a

VM-7 atmosphere

Same as run 8 except {:or a

VM-7 atmpsphere. In this

case the descent profile was

intersected before the system
ended inertial hold.

,2.



SUMMARY OF PREFERRED TERMINAL DESCENT RUNS (Continued)

(SIX DEGREE OF FREEDOM SIMULATION)

RUN
NO.

13

14

15

16

RUN

TYP E

VM- 10

VM-8

VM-7

VM-7

INITIAL
CONDITIONS

Vo= 128
_o = 0
Yo = 0
Po = 10
qo = 50
'O v-

Vo = 205
eo = 2
Yo : 2
Po = 10

qo : 50
ro = 50

Vo : 300

_9o = 10
Yo = 10
Po: 10
qo : 50
re -- 50

Vo : 408

_o : 10
Yo = 43.7

WIND
(ft./sec.)

0

230

GROUND

SLOPE

(deg.)

0

10

CONDITIONS
AT INITIATION
OF LATERAL

VELOCITY
CONTROL

t :6
R : 4222
V : 136
y :0
aT : .2
al -- ,,_/./. ,j

P =0
q = .03
r = -.28

t =6
R : 3764
V : 213

y = 1.3
aT = .7
h = 3761
P =0
q =0
r :0

t =6
R : 3264
V = 308

y = 7.6
aT = 2.4
h = 3215
P =0
q =0
r =0

t =6
R = 3687
V = 404
y =41.9

aT = 31.9
h = 3518

CONDITIONS
AT INITIAL

CROSSING OF
THE DESCENT

PROFILE

25.7
1118
178
0
0
111G
0
0
0

16.3
1448
236
.7
.02
1448
0
-.04
0

10.2
1927
316
6.4
.1
1914
0
--.3

0

9.5
4009
400
38.7
1.5
2610

CONDI TI ONS
AT INITIATION
OF CONSTANT

VELOCITY
DESCENT

PHASE

43.7
91.2
9.4
0
0
91.2
0
0
0

36.0
90.7
9.3
0
0
90.7
0
0
0

31.6
90.6
9.4
0
0
90.6
0
0
0

37.1
96.2
9.5
0
0
96.2

TIMI
IGNI"
TOU_

Figure 2.3-108 (Continued)
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FROM
ION TO

:HDOWN

ec)

44.8

40.3

46.4

IMPULSE

(Ib-sec)

TOUCHDOWN
VELOCITY

(ft/sec)

60,550 18.9

59,150 19.3

62,100 19.0

72,510 18.8

LATERAL

VELOCITY AT

TOUCHDOWN

(ft_ec)

0

0

DOWNRANGE

DISTANCE

(ft)

86

573

4050

COMMENTS

Demonstrated effects of

initial body rates upon the

low velocity case (VM-10).

Same as run 13 except for
VM-8 case.

Some as run 13 except for

(VM-7) high velocity case.

The descent profile was based

upon altitude instead of range
measurements. Control to

descent profile was improved
due to the fact that the time

lag on the altimeter was 1./50

as long as the one implemented
for the radar.



SUMMARY OF PREFERRED TERMINAL DESCENT RUNS (Continued)

(SiX DEGREE OF FREEDOM SIMULATION)

RUN
NO.

17

18

19

2O

21

RUN

TYPE

VM-7

VM-7

VM-7

VM-7

VM-7

INITIAL
CONDITIONS

Vo = 408

eo = 10
Yo = 43.7

ho = 5000
Vo = 408
8o = 10
y = 43.7

ho = 6000
Vo -- 408
8o = 10
Yo = 43.7

ho = 5000
Vo = 408
8o = 10
Yo = 43.7

ho = 6000
Vo = 408
8o = 10
Yo = 43.7

WIND
(ft./sec.)

230

GROUND
SLOPE

(deg.)

CONDITIONS
AT INITIATION
OF LATERAL

VELOCITY
CONTROL

CONDITIONS
AT INITIAL

CROSSING OF
THE DESCENT

PROFILE

CONDITIONS
AT INITIATION
OF CONSTANT

VELOCITY
DESCENT

PHASE

230

230

230

230

34

0

t = 6

R = 4992
V = 422
y = 41.5

aT = 31.5
h A_I

t = 6.

R = 3277.
V = 404.

y = 41.9
aT = 31.9
h = 3227.

t =6.

R = 4292.
V = 404.

y -- 41.9
aT = 31.9
h = 4227.
t =6.
R = 3245.
V = 411.

7 = 41.3
aT -- 31.3
h = 3196.

t=6
R = 4261
V=411

y = 41.3
aT = 31.3
h -- 4196

21.4
2557
424
27.3
.2
1Ah(_

9.4
2888.
400.
38.8
2.0
2188.

11.9
2991.
398.
36.1
.7
2396.

9.0
3064.
411.
38.6
4.0
2253.

11.4
3077.
411.
36.1
0.5
2469.

40.0
90.9
9.4

6.1
6.1
?_.,_

32.4
92.5
9.6
O.
O.
92.5

36.9
92.4
9.4
0.
0.
92.4
29.9
92.3
9.8
0.
0.
92.3

35.1
92.6
9.5
0.
0.
92.6

TIME
IGNITI
TOUCF

se(

Figure 2.3-108 (Continued)
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=ROM

DN TO

[DOWN

:)

IMPULSE

(Ib-sec)

74,290

68,100

71,860

99,220

106,100

TOUCHDOWN

VELOCl TY

(ft/sec)

20.2

19.4

18.9

18.8

18.7

LATERAL

VELOCITY AT

TOUCHDOWN

(ft/sec)

-1

DOWNRANGE

DISTANCE

(ft)

7240

3731

4298

3740

4297

COMMENTS

Radar lateral velocity bias
error of one foot/second.

The slope of the descent

profile was raised to 8.0

ft./ft./sec, and the engine
throttle ratio set to 7:1.

Thus, the maximum accel-
eration that could be
commanded was 49.6 ft./sec 2"

Same as previous case (18)

except that the ignition
altitude was increased to
6000 ft.

The weight of the Lander
was increased to 4000 lb.

The slope of the descent

profile was raised to 8.0

ft./ft./sec, and the engines
were sized for a Lander

weight of 2650 lb. with a
10:1 throttle ratio.

Same as previous case (20)

except that the ignition
altitude was increased to
6000 ft.

,2, - I ,f'3 - z_.._..



o Maximum impulse (no contingency) required (VM-7) - 67,200 ib-sec. Additional

5,500 ib-sec impulse required when altitude (redundant mode) is used in

place of range in generating the velocity command signal. A plot of impulse

requirements versus initial velocity is presented in Figure 2.3-93.

o A throttle ratio of i0:i ismore than adequate to handle the range of initial

conditions (see discussion following).

o Flight path verticalization and velocity reduction to the initiation of

constant velocity descent phase can be accomplished for ground slopes up

to 34 degs and infinite length.

Figure 2.3-109 presents the range-velocity profile for VM-7 continuous wind

ignition conditions utilizing four different engine throttle ratios. The engines

have the same minimum capability and control margins as previously presented. The

7:1 throttle ratio is inadequate because the Lander trajectory never attains the

desired range-velocity profile which had a O.b _t/I_isec siup= ......... _ _+_

turning rates existed near the terminal end and verticalization was never completed.

The 8:1 ratio was adequate; however, more margin is desirable especially in the

presence of a downhill slope.

A 7:1 throttle ratio can be utilized by increasing the slope to 8.0 ft/ft/sec.

Run 18 of Figure 2.3-108 summarizes the parameters at the various stages. A 2 degree

angle of attack still existed at the initiation of the descent profile thrust; however,

this had no adverse effects. Run 19 was similar to 18 but with a 6,000 ft ignition

altitude which allowed more time for nulling the lateral velocity prior to initiation

of the high thrust. However, raising the ignition altitude would create a situation

in which the Aeroshell would not impact with the ground prior to radar use.

Although it is apparent that lower throttle ratios than i0:i can be utilized for

the 1973 mission based on the previous discussion, high throttle ratios are desirable

for weight growth. Runs 20 and 21 of Figure 2.3-108 summarize trajectory runs

utilizing 1973 thrust levels (I0:i TR) with a 4,000 ib Lander for 5,000 and 6,000 ft

ignition altitudes, respectively• It was assumed the ignition velocity was similar

to the anticipated 1973 conditions. Maximum deceleration capability of this confi-

guration is approximately the same as the present weight Lander with a 7:1 throttle

ratio. Comparison of these runs with 18 and 19 reveal the close similarity and

indicate that the proper verticalization is attained.

Run 16 demonstrates the adequacy of using altitude instead of range in the

velocity command equation. Thus, in the event of range beam failure, altitude can

be used as a backup• A 5,500 ib-sec increase in impulse over Run 6 (maximum impulse

REPORT F694 • VOLUME II • PART B • 31 AUGUST 1967
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EFFECTS OF ENGINE THROTTLE RATIO DURING THE DESCENT PROFILE PHASE

u-
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for normal radar operation) was required because the Lander trajectory attained the

desired altitude-velocity profile early and the flight time was increased.

Run 12 demonstrates a situation where the thrust axis was not aligned to the

velocity vector prior to high deceleration thrust. This was due to assuming an

infinitely long 34 degree ground slope, in this case an uphill slope. While not

realistic, it does demonstrate that it is not required to have the thrust axis

immediately aligned along the velocity vector at the initiation of high thrust. The

descent profile was intersected before the system ended inertial hold and thrust was

applied at an angle of 31.6 degrees from the velocity vector in a direction which

made the flight path angle more shallow. However, lateral velocity control was

initiated and the system response verticalized the flight path in adequate time

prior to the constant velocity descent phase.

In summary, a feasible standard terminal descent control sequence was demon-

strated that provided reallSClC _lmes Lo p=LfU_.L L,_........._--^a ........._.... +_ _ _11

atmospheric conditions. This system utilized 4-10:1 throttleable canted engines to

provide roll control. Although 7:1 throttle ratios are adequate for the 1973 mission,

utilization of a i0:i ratio allows considerable weight growth. This assumes 1973

ignition velocities can be achieved by increasing the size of the auxiliary aero-

decelerator. The radar angular and rate limitations, as defined in Section 5.9,

were never exceeded in any case and sufficient time for radar acquisition was pro-

vided after initial rates were damped out.

2.3.6.6 Alternate Concepts

Fire-in-Hole Separation - Considerable analysis was performed to establish a

control sequence for this scheme which had the following constraints:

o Lander separation accomplished by firing terminal engines and backing away

from Aeroshell.

o Auxiliary aerodecelerator used to slow down capsule in order that separation

occurs at subsonic velocities.

o Landing radar has no capability to "see" through Aeroshell.

o Landing radar angular limitations similar to existing LM system.

The prime concern was the Lander-Aeroshell relative position following separation;

however, in this concept the auxiliary aerodecelerator size and deployment altitude

were established to achieve initial conditions at engine ignition for the Lander to

pass the Aeroshell with sufficient clearance that the Aeroshell was behind the

Lander and hence affords no possible radar interference. In addition to the initial

conditions, the magnitude and direction of the separation velocity increment

REPORT F694,VOLUME II • PART B ,31 AUGUST 1967
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influence the time and magnitude of the Aeroshell-Lander clearance point. For the

dense atmospheric conditions (VM-10, 9) where the capsule flight path is vertical,

some lateral Lander velocity relative to the Aeroshell must be provided to obtain

clearance at passage. After considerable iteration, it was determined that the

following initial thruster orientation and control configuration will establish

relative trajectories with sufficient clearance for proper landing radar operation

for all VM atmospheres.

o Ignition altitude - 15,.000 ft.

o Ignition velocities obtained with a 30 foot tucked-back ballute deployed

at 30,000 ft.

o Maximum thrust burn at ignition to provide a i00 ft/sec separation velocity

as measured by the Lander axial accelerometer.

o Lander torqued at 15 deg/sec during separation impulse.

o A Ib second delay a_ter the thrusters are _nrouuied down Lo .8 _'_ b=fu_=

landing radar signals are used for control. Attitude torqued back to

initial orientation and inertial hold control maintained during the delay

period.

o Lateral velocity control initiated and thrust axis controlled to velocity

vector.

o Intersection of the preprogrammed descent profile and subsequent decelera-

tion to the constant velocity descent phase (i0 ft/sec velocity and 50 ft

altitude).

o Inertial hold control during the constant velocity descent and engine

cutoff at i0 ft altitude.

Figure 2.3-110 presents relative trmjectories between the Lander and Aeroshell for

VM-3, 7, 8 and I0 atmospheres. From the VM-10 data, it is apparent that a delay of

approximately 20 seconds or greater would be desirable to minimize interference.

However, the long time delay is not feasible for the VM-7 case where intersection of

the desirable descent profile occurs at 17 seconds. Hence, a compromise time must

be accepted in order that a standard sequence can be established.

Figure 2.3-111 presents a plot of the line of sight angle to the Aeroshell at

17 seconds from separation for the various atmospheres. The minimum angle of 38

degrees occurs for the VM-10 case which might cause false returns due to the radar

side lobes; however, as seen in Figure 2.3-110, the angle grows rapidly. The back-

scatter returns from the Aeroshell diminishes to low values past 30 deg as discussed

in Section 5.9.
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RELATIVE POSITION OF AEROSHELL REFERRED TO LANDER AXIS
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Figures 2.3-112 and 2.3-113 present the range-velocity histories for the Lander

following separation and utilizing the control sequence previously outlined for

VM-7 and VM-IO ignition conditions. Thruster size and throttle ratio were the same

as those used for the preferred concept. A plot of impulse requirements versus

initial velocity is presented in Figure 2.3-93. From the overall analysis, the

following was concluded:

o The aforementioned control sequence provided sufficient time to perform

the required control functions.

o The combination of range and flight path angle for all atmospheres, at the

time when radar information is required are within the limitations of the

landing radar.

o Maximum impulse (no contingency) required (VM-7) -Ii0,000 ib-sec.

o A throttle ratio of i0:i is adequate to handle the range of initial

o Flight path verticalization and velocity reduction to the initiation of

constant velocity descent phase can be accomplished for ground slopes up

to i0 degrees and still have radar lock capabilities.

All Propulsive - Fire Through Hole - Analysis was performed to establish a

control sequence utilizing this scheme which had the following constraints and

assumptions.

o Landing radar has capability to "see" through the Aeroshell.

o An all propulsive system is used for required deceleration, i.e., no

auxiliary aerodecelerator employed.

o Thrusters sized to provide required deceleration for Lander-Aeroshell

configuration and also soft land without the Aeroshell.

o Aeroshell-Lander separation accomplished at end of terminal descent.

The primary concern utilizing this concept is radar lock-on at an altitude which

allows the capsule to follow the preprogrammed range-velocity profile. The flight

path angles in the VM-2, VM-7 and VM-8 atmospheres may not provide radar lock-on at

an altitude of 15,000 feet. For a condition with no radar lock-on at 15,000 feet,

a pitch maneuver toward the local horizontal with a high thrust of predetermined

duration will speed the flight path verticalization. This type of maneuver assumes

roll orientation has been maintained through entry. The maneuver and subsequent

high thrust must verticalize the inertial velocity vector to obtain radar lock-on for

the VM-8 atmosphere and must leave enough velocity for the VM-2 atmosphere for proper

descent. Also, the thrusters must be sized to provide sufficient deceleration

REPORT F694 • VOLUME II • PART B • 31 AUGUST 1967

MCDONNELL ASTRONAUTICS

2-190



RANGE - VELOCITY PROFILE

O

I

=-
¢-
O

rv.

22

20

18

16

1A

12

10

! I I I

• FIRE-IN-HOLE SEPARATION

• VM-7 ATMOSPHERE

• 30 FT. BALLUTE DEPLOYED AT --

30,000 FT. ALTITUDE t =

• ZERO GROUND SLOPE

• y REFERENCED TO VERTICAL (DEG) -
et TIME IN SECONDS I

I

Aero shel'l Separation/
t = 0, ), = 45.8_ /

! "
= " I

I
I
I
I
I
I
I
I

I

I
I
,I
I
I

Lateral Velocity Control J

f
DP_C;i_te-----_/--t : 20,},= 32

o _11

0 100 200 300 400 500 600 700 800

Velocity, V - ff/sec

REPORT F694 • VOLUME 11 • PART B • 31 AUGUST 1967

MCDONNELL AIITIFIOIIIAIJTIO8

Figure 2.3-112

2-191



16

RANGE - VELOCITY PROFILE

• FIRE-IN-HOLE SEPARATION

• VM-I0 ATMOSPHERE

• 30 FT. BALLUTE DEPLOYED AT 30,000 FT. ALTITUDE

• ZERO GROUND SLOPE

• Y REFERENCED TOVERTICAL (DEC,)

• t TIME IN SECONDS

C'3,
O

I

It,,'

=-
o'J
c-
o

QC

14

12

10

t:2 _,:0-,,_ "'_t" ;_ er shel Separation

It; : _:o
t

_S Lateral Velocity Control
t=17 y=O

t

i
I
I

I
I
i
/
I
I
I

L
/

!/t
=48 y=0

J
_'_'_1_ t = 49 y=0

Descent

Profile >,,-

0 100 200 300 400 500 600 700

Velocity, V - ft/sec

REPORT F694•VOLUME TT •PART B •31AUGUST1967

MCDONNELL ASTRONAUTIC.g

Figure 2.3-113

2-192



capability for the Lander-Aeroshell configuration and to allow for a soft landing

without the Aeroshell. Based on a thruster ignition at an altitude of 15,000 feet,

the control sequence and propulsion requirements for the given constraints were

determined. A four engine configuration was used for deceleration and attitude

control; roll control was obtained with canted engines.

are listed below:

Minimum Thrust

Minimum Command Thrust

Maximum Command Thrust

Maximum Thrust

With Aeroshell

The propulsion capabilities

Without Aeroshell

.57 gM .793 gM

.71 gM .992 gM

5.13 gM 7.14 gM

5.7 gM 7.93 gM

Thus, with all four engines a constant velocity descent can be accomplished without

the Aeroshell and attitude control can be maintained. A maximum thrust of 5.13 gM

can De commanaea wltn tne _erosheii-La_Id_ _u,fi_uL_Liu,. Tii_ _w._v_L I _quan_a

prior to Aeroshell separation is presented below:

o The engines are ignited at an altitude of 15,000 feet, with a commanded

thrust of 2 gM's.

o Inertial hold is maintained for 5 seconds after ignition to damp body

rates and allow time for radar lock-on.

o If radar is not "locked-on" at 5 seconds after ignition, a pitch turn

maneuver is performed.

o The pitch gyro is torqued at i0 deg/sec (thrust axis towards horizontal)

for 2 seconds. Inertial hold is maintained for 5 seconds while increasing

command deceleration to 5.13 gM's. Pitch gyro torqued at _ 10 deg/sec

while commanding 1.5 gM's deceleration.

o When the radar is "locked-on", the gravity turn mode is initiated with a

commanded deceleration of 1 gM with no previous pitch turn maneuver and

1.5 gM if there was a maneuver.

o Intersection of the preprogrammed descent profile and subsequent decelera-

tion to the constant velocity descent phase (i0 ft/sec, i00 ft range).

o Aeroshell separated from Lander and subsequent maneuver to obtain lateral

displacement.

o Constant velocity descent based on commanded 1 gM deceleration and engine

cutoff utilizing a probe.

A DOF simulation which incorporates the above sequence was used for the VM-10,

VM-8 and VM-2 atmospheres
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Figures 2.3-114 through 2.3-116 present the range-velocity profile for terminal

descent with the respective atmospheres. It was assumed the aerodynamic characteris-

tics of the Lander-Aeroshell were reduced by a factor of 4 due to thrusting through

the Aeroshell as explained in Reference 2.3-8. This was based on JPL wind tunnel

tests which indicated this reductiondid occur for the drag coefficient when thrust/

drag was greater than 2. No moment data were presented; however, it seems reasonable

that a reduction will occur. Figures 2.3-117 and 2.3-118 present the pitch turn

maneuver for the VM-8 and VM-2 atmospheres, respectively. The VM-8 and VM-10 atmos-

pheres represent the worst-case boundary initial conditions at 15,000 feet. The

VM-2 atmosphere represents the lowest velocity case which may have marginal radar

lock-on and hence the pitch turn maneuver would be initiated. The VM-8 atmosphere

results in the highest velocity and the most horizontal flight path angle for the

pitch turn maneuver. A preprogrammed deceleration slope of 6.5 sec was employed

below a velocity of 400 ft/sec and 15 sec above 400 ft/sec. Impulse requirements

are presented in Figure 2.3-93.

Figure 2.3-119 illustrates the radar lock-on conditions. At high altitudes

ground slopes of realistic length will not have much effect on radar lock. The i0

degree ground slope boundary is estimated to be an effective worse case condition

at this altitude. With four operating beams at an altitude of 15,000 feet, the

radar velocity beams will have lock for a pitch angle of 54 degrees for the worse

case condition. With three operating beams this angle is 49 degrees. Radar lock of

the velocity beams will occur at a pitch angle of 72 degrees with the most favorable

conditions. Trim conditions for the various atmospheres are shown in the figure

at the ignition altitude. Attitude oscillations prior to the inertial hold at

ignition could accentuate the initial pitch angle. Since radar lock-on is the

criteria for the initiation of the pitch turn maneuver, it is possible to have no

such maneuver, even with the VM-8 case. The highest initial velocity for a possible

pitch turn maneuver would result with the VM-8 atmosphere. Assuming a pitch oscil-

lation of ± 5 degrees, the VM-2 case would result in the lowest initial velocity for

the maneuver. Figure 2.3-120 presents the lock-on boundaries for 34 degree ground

slopes. These boundaries would be effective when the Lander was approaching tile

surface with little horizontal speed, i.e., not much lateral translation. However,

for these conditions to exist, the flight path must be near vertical and hence no

boundary problems exist.

Although not studied extensively, a feasible Aeroshell-Lander separation is

presented in the following sequence.
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o At a range of i00 feet and i0 ft/sec velocity, Aeroshell released from the

Lander. Deceleration command of 1.04 gM's.

o Lander rotated in pitch or yaw at -15 deg/sec for 2 seconds.

o Lander rotated at +15 deg/sec for 4 seconds.

o Lander rotated at -15 deg/sec for 2 seconds.

o Maintain inertial hold.

o At range of i0 feet (determined by probe), thrust termination and free-fall

to surface.

This separation maneuver results in a Aeroshell-Lander relative displacement of

50 feet at touchdown.

From the overall analysis the following was concluded:

o The aforementioned sequence provides sufficient time for the required control

functions.

o Maximum impulse (no contingency) required - 160,000 ib-sec.

o A throttle ratio of I0:i is adequate to handle the range of initial

conditions.

o Although the sequence performs satisfactorily, it appears that (i) there

is little margin in performing each step of the sequence, (2) the sequence

is non-standard and depends on whether radar lock is attained at a

prescribed time after ignition, and (3) a momentary loss of radar lock

could cause an open loop velocity change to be performed which could

degrade the low velocity trajectories.
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2.3.7 Landing Site Selection - Choices of landing sites require careful consi-

deration of the hypotheses of Mars topography and areas which may be conducive

to biological growth based on all available data. Evaluation of possible landing

sites at the present time yields several which are compatible with the kinematic

and communication constraints of the VOYAGER. Prior to launch, a particular site

will be chosen for the nominal landing area. After Planetary Vehicle orbit in-

sertion, examination of the data obtained from the orbiting Spacecraft will be

used to confirm the selected site or change to a suitable alternate area.

2.3.7.1 Experiment Considerations in Landing Site Selection - Landing site

selection from the standpoint of achieving experiment objectives has two primary

considerations: the landing site must possess adequate time periods with suitable

lighting condltlon8 to obtain the desired surface images, and the landing site

should represent an area that has a high probability of containing biological

material.

Surface Imaging Considerations - As a general criterion for visual imaging,

the Sun elevation should be greater than 15 ° but less than subsolar, in order to

cast sufficient shadows for image interpretation. Thirty to sixty degrees has been

used as a desirable range. The time available for imaging varies with landing site

latitude and the time of year, i.e., on the difference in the latitude of the

landing site and the subsolar point latitude. For 17 March 1974, as indicated in

Figure 2.3-121, peaks at high and low latitudes occur because the solar angle does

not exceed 60 degrees. The middle latitudes have a significant portion of their

daylight hours (centered around local noon) with Sun angles greater than 60 degrees.

Ground slopes can shift the time of day when particular Sun angles are obtained.

Biological Considerations - Excellent analyses of presently available data

regarding the geological and environmental conditions on Mars are contained in

Reference 2.oj__n. _,e res ,,I_=_o__ these analyses from the standpoint of biological

implications of landing site selection are presented in Figure 2.3-122. Three 1_ _es

classes of preferred landing areas in order of decreasing interest are:

a. Class A

o Within zone of ecological growth

o Within area of maximum migration of groundwater

b. Class S

o Within survival temperature zone

o Within area of maximum migration of groundwater

II
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c. Class M - microenvironments

o M-I (low latitude)

o M-2 (within survival temperature zone)

o M-3 (high latitude)

Within these classes, particular areas (A-I, S-l) are affected by the wave of

darkening in the Martian spring. For the 1973 opportunity, VOYAGER will arrive

in the late winter to early spring for the northern latitudes. As indicated

in Figure 2.3-122, the area of maximum interest lies between 25 to 45 degrees

South latitude and 295 to 355 degrees longitude. However, sites of secondary

interest lie within a latitude band of 20°N to 25°S.

Experiment Preferred Landing Sites - In order to obtain the maximum amount

of information about the Mars environment from the two landings in 1974, it is

desirable to land first in a dark area and second in a light area. This provides

the greate_amount of data from two landings for correlation of biological

material and surface environment.

2.3.7.2 Kinematic Considerations of Landing Site Selection - Selection of landing

sites is limited by the scientific interest in particular locations and the kine-

matic restrictions imposed by specified mission constraints. These mission con-

straints limit the choice of mission profiles; each profile has only a limited

flexibility of landing areas. The landing area available for a given profile

depends on the time during the mission sequence that a selection or decision is

made. Launch date, arrival date (including separation), Mars orbit selection,

descent trajectory design, and arrival and post-arrival event timing represent

various events where landing site selection is influenced. The preferred mission

profile was formulated to demonstrate, by way of example, a mission which best

meets the majority of mission constraints, especially as related to Capsule landing

=-_ _=**_ operation w the c.._=_^_ T_+ ....

From a kinematic point of view, landing site availability and flexibility

are best described in terms of landing latitude. Event sequencing is an important

consideration in the selection of a specific longitude, but of less influence in

establishing landing site availability and flexibility.

Mission Profile Considerations - The selection of a mission profile must be

within the gross bounds of the launch and Planetary Vehicle capability, satisfy

the objectives of the Spacecraft, and meet the requirements of the Capsule and

Surface Laboratory engineering and experiments. The mission profile which best

meets these requirements will influence the availability of landing regions.
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Accordingly, several of the constraints used in the selection process for

our preferred mission profile do contribute directly to the landing site de-

finition. These include:

o Suitable surface lighting at the landing site (15 to 30 degrees to the

terminator)

o Landing in regions with seasonal color change (within latitudes between

IO°N to 40°S)

o Continuous descent communications between Capsule and Spacecraft

o Maximum data transmission prior to the onset of Martian night.

Conformance to these constraints is important in the formulation and subsequent

selection of the preferred mission profile, The preferred mission profile meets

these constraints.

Other mission constraints affect landin_ site availability to varying degrees.

Noteworthy are those restrictions related to launch-arrival date selection, orbit

selection, and descent trajectory design. These constraints impose bounds on the

orbit position and descent trajectory, and consequently limit the areas for land-

ing.

Landing Site Availability - Mission profile has a strong influence on Capsule

landing site. Three prospective profiles _anding at 25 ° from the morning termina.-

tor, 25 ° from the evening terminator, and at 50 ° from the morning terminatoO have

been investigated for a typical case (I000 - 20,000 km altitude orbit, 40 ° orbit

inclination, -20 ° entry flight path angle, and 327 ° landing anomaly). Figures

2.3-123 to 2.3-125 present contours of landing site latitude on the 1973 launch

opportunity plot for the three profiles, and show a more southerly latitude

for the forenoon and evening landers. For the morning lander, Figure 2.3-123,

the variation of landing latitude across the available launch opportunity is

_,_ween 1 _ _tzu _ o. Foe L,_ __ CLIUULL _=,u=L, _±_uL= _._ _j, _....... _ _LII_ _UL ..... -- _ _

latitudes is 8°S to 35°S; for the evening lander, Figure 2.3-124, the range is

30°S to 39°S.

it should be noted that the landing site is out of view of the Earth for the

evening terminator lander (no post-landing direct-link communications with Earth),

For the forenoon lander, the landing point is not positioned for good descent tele-

vision (15 ° to 30 ° from terminator). Therefore, the only profile which fully

satisfies the landing site constraints is the morning terminator lander. However,

the others do provide flexibility, if desired, but at the price of compromise to

landing site related constraints.
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This compromise is illustrated in Figure 2.3-126. Landing site availability

for all three profiles is shown in terms of landing site latitude and incremental

longitude from the subsolar point. A single launch arrival date is used. The

regions available to the individual orofiles are cross-hatched. The rsnge of orbit

inclinations (30 ° to 50 °) is compatible with mission constraints on orbit orienta-

tion. Zero incremental longitude corresponds to local noon. The limit of Earth

view (FE = 34 °) is indicated. As may be seen, almost any landing occurring later

than mid-afternoon will not be visible from the Earth. However, nearly the entire

desired latitude band from 10°N to 40°S is achievable for the morning or forenoon

landers.

In addition to the effects of mission profile selection, landing site avail-

ability and flexibility can be analyzed in stages. These generally represent

the principal periods where selection decisions are possible. They are:

o Availability through selection of launch-arrival date

o Flexibility through selection of Mars orbit position

o Availability due to design of descent trajectory

Launch date is not a useful tool to obtain landing site flexibility. The

landing latitude does vary with launch date, Figure 2.3-127, but the flexibility

must be achieved by sacrificing some of the total launch period.

A greater flexibility in landing sites can be achieved through orbit selection

(either by position adjustment in terms of inclination and line of apsides or by

adjustment in orbit size). This flexibility is illustrated in Figure 2.3-128,

for the preferred mission profile. Landing latitude is shown as a function of

orbital inclination and Capsule landing location (central angle to the terminator).

A launch date later than 7 August 1973 would result in a general shift toward more

southerly latitudes. Obviously, greater flexibility in landing latitude selection

is pos_ib]_ with a slight relaxation of surface lighting angle° Orh_ta! reposi-

tioning (apsides adjustments) resulting from changes in the design descent tra-

jectory does not affect landing latitudes.

Descent trajectory design, however, does have an influence on landing location.

For the preferred mission profile, more shallow entry angles, Figure 2.3-129, will

move the landing site to more southerly latitudes, but farther from the morning

terminator. De-orbit anomaly also provides flexibility in landing location. The

de-orbit deflection angle provides another variable. The greater effectiveness of

entry flight path angle to vary the landing latitude is significant.
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Summary - Sufficient flexibility exists to select landing sites for the per-

ferred or closely related mission profiles. This flexibility is generally achievable

with little relaxation of VOYAGER constraints or mission objectives. As may be

noted, aside from mission profile selection, orbit selection appears to be the most

attractive way to achieve landing site flexibility without relaxing constraints.

Descent trajectory adjustment offers flexibility in landing site selection following

achievement of the Martian orbit. The actual band or range of latitudes are esta-

blished, however, by the launch date and arrival date.

2.3.7.3 Post-Landed Communication Considerations of Landing Site Selection - The

latitude of the landing site, combined with the calendar date of landing, determines

the basic operating conditions for communications to Earth. For the short duration

Surface Laboratory missions of the 1973 mission, the time of landing, morning or

evening, determines the amount of communications time available immediately after

landing. The communications time and pointing accuracy of Lh= i,i_h gain ant_nnn f_

the high rate radio link are affected by the dispersions (errors) of the descent

trajectory from orbit. From a communications viewpoint, landing sites near the

morning terminator and the Martian equator are preferred because they allow a near

maximum of communications time for the first day's operations.

Communication time is important to determine the amount of data that can be

transmitted or, in conjunction with communication distance, the data rates and

radiated power requirements to transmit a fixed quantity of data. Elevation angles

set the boundaries for the tracking program for a high gain antenna and the beam-

width of a fixed antenna. The latitude of the site and the date of landing, combined

with the rotational rate of Mars, determine the time histories of the elevation

angle of Earth. The time histories of the elevation angle, as limited by the ground

slopes at the site, are used to determine the communications time available at a

given latitude. The gross effects of site latitude and landing date are shown in

Figure 2.3-130. Latitudes of desirable communications time move northward with

later arrival. Also of interest, certain latitudes, with the 34 ° ground slope

condition, do not permit communications to Earth.

The local Martian time of landing and the landing latitude set the limits for

the first day communications opportunity. Normally, we classify the landing sites

into two categories, near the morning or evening terminator. As shown in Figure

2.3-131, landings for descent imaging do not allow communications to Earth after

landing. Therefore, for evening terminator landings, the Surface Laboratory must

undergo the Martian night before communications to Earth can be established.

REPORT F694 • VOLUME II • PART B • 31 AUGUST 1967

MCDONNELL ASTRONAUTICS

2-215



REPORT F694,VOLUME Zl ,PART B , 31AUGUST1967

MCDONNELL ASTRONAUTICS

Figure 2.3-130

2-216



U

,_ o
u. _ I1.

0 0
IJ

o

OW
c') I-

_z_
.JZ

nt
o

n_
0
i-

ao
zz

-J

|

0 0

+ ÷

REPORT F694 • VOLUME II * PART B • 31 AUGUST 1967

MCDONNELL ASTRONAUTICS

0

O

O

Figure 2.3-131

2-217



Morning terminator landings allow communications immediately after landing.

However, the time required for Earth view immediately after landing is always

greater than the length of actual data transmission. After landing, the Surface

Laboratory has to perform many engineering tasks, such as antenna erection and

gyrocompassing, deployment of sample gatherers, and checkout. We currently es-

imate that upwards of 1-1/4 hours will be required before high rate data can

be transmitted. Although engineering data is transmitted continuously throughout

this period, it is desirable to have landing sites which allow several hours of

high rate data transmission after the high gain antenna is set up. Regions which

allow a minimum of one hour of high rate data transmission before Earth-set are

shown in Figure 2.3-131.

Launch date has a slight effect on the period of Earth view for a morning

lander. Figure 2.3-132. For near equatorial landings which are 25 ° from the

morning terminator, the period of Earth view decreases from approximately 6 hours

to 5.5 hours from early to late launch date. The available sunlight after landing

is of course considerably longer for the morning landing, Figure 2.3-133, than

for an evening landing.

Dispersions in the landing site create time uncertainties for low rate

radio link, and time and pointing uncertainties for the high rate radio link.

The low rate link, which uses a low gain, virtually hemispherical coverage antenna,

is affected only by the time in which the Earth is above the Martian horizon -

the absolute value of the Earth's elevation angle is relatively unimportant. Unless

the Surface Laboratory has the capability to determine its longitude, its

programming must account for worst cast landing site dispersions. The effects of

dispersion on the low rate link, shown in Figure 2.3-134, cause a nominal loss of

.5 hours in the available communications time. The high rate link, like the

low _at_, must account for dispersions uy u,= reduetlon _^_ _=LLo,_ _ +_•,,_ _

the limits set by the dispersion. Since the high rate is dependent upon the

position of the Earth, dispersions cause antenna pointing errors. For the dis-

persions shown in Figure 2.3-130, the worst case pointing errors are approximately

+ 3.0 ° .

2.3.7.4 Recommendations for Landin_ Site Selection - For the 1973 VOYAGER, the

selection of specific Martian sites for landing will be based on all available

data at the time of final decision during flight. At the present time, particular

sites are considered scientifically interesting; certain latitude bands are

accessible from kinematic considerations of the approach, orbit, and descent
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trajectories; communications from the SL to Earth and descent TV influence the

choice of time of day for the landing. Consequently, recommended sites must be

further evaulated, up to and including the Planetary Vehicle overflight prior

to Capsule descent and landing.

Since the time of day for landing has a significant influence on the sites

available, as well as on particular aspects of the Capsule Bus descent, the Sur-

face Laboratory lifetime, and Spacecraft operation, this aspect will be dis-

cussed first. The descent experiments are considered highly desirable for the

1973 mission. Consequently, the primary emphasis on selection has been on landing

between 15 ° to 30 ° to the terminator for good descent TV. Primary aspects of

the desired location relative to the terminator are discussed in Section 2.3.

Briefly summarized:

n Spacecraft prefers evening terminator orientation, because of the

rapid regression of the line of nodes with the small orbit desired

for mapping

o Capsule prefers morning terminator landing, because it permits solar

heating of the heat shield during descent, while maintaining a

suitable attitude for descent communications

o Surface Laboratory prefers a morning landing, because it provides

maximum data relay before the first nightfall and reduces total

SL operating time.

It must be realized that although the preferences are contradictory, compromise

solutions are feasible. With a larger orbit, the nodal regression is less rapid

and an acceptable three month Spacecraft operation can be made with initial orbital

orientation for a morning landing. For an evening lander, the heat shield of the

Capsule can be protected from cold by the addition of a thermal blanket, although

the l_,ding will occur out of view of EArth. No data will be transmitted from the

Surface Laboratory until the following morning. For data transmission of one

complete diurnal cycle, landing near the evening terminator can require survival

of two nights before transmission of data obtained in the late afternoon of the

first complete day. The longer operating time increases the battery weight.

Another compromise is to land farther from the terminator toward the sub-

solar point. Such a forenoon lander provides a compromise orbit orientation

for Spacecraft and Capsule operation, some first day transmission, and does not

require survival of the SL for two nights. However, the shadows during descent

will be shorter with a degradation of the descent images.
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Landing areas which can be obtained for the approach, orbit and descent con-

ditions, were discussed in Section 2.3.7.2. The longitude is adjustable by

timing of the arrival and orbit stay time. The latitude for the morning termina-

tor ranges from 10°N to 15°S with slight variations through the launch opportunity.

The morning terminator landing has been selected for emphasis (Section 2.4)

because of its favorable characteristics for the Capsule Bus and Surface Laboratory

missions. Examination of scientifically interesting areas (Section 2.3.7.1) within

this latitude band indicates that three sites (Syrtis Major, Auroae Sinus, and

Tithonius Locus) react strongly to the wave of darkening.

At the present time, Syrtis Major is considered to be a suitable preferred

landing site. This region covers a reasonably large area, reacts strongly to the

wave of darkening, is within a microenvironmental locale, conforms to the kinematic

considerations of landing location, and is in the vicinity of a light area. Since

the dark and light areas are tne mosL ubviu_o ........____ _hlres on Mars, they

are the most likely candidates for initial exploration. Assuming that initial

analysis of the Spacecraft data, or the first Surface Laboratory data, indicated a

change in desirability from the dark area to a light area, the change in de-orbit

would be minimized with the initial selection of Syrtis Major.

2.3.8 Effects of CB Mission Selection on Spacecraft Life - Since the Capsule

Bus and Surface Laboratory are a part of the Planetary Vehicle, the initial orbit

is the same as that of the Spacecraft. In various portions of the Capsule Bus

mission analyses, particular advantages of specific orbits for the Capsule Bus and

Surface Laboratory have been noted. In this section, primary orbit parameters

affecting the mission of the Capsule Bus and Surface Laboratory are related to

Spacecraft mission considerations.

Orbit parameters which can be manipulated at orbit insertion are: inclination,

periapsis location and altitude, and apoapsis altitude.

2.3.8.1 Inclination - As noted in Section 2.2, the orbit inclination requirements

are similar for the Spacecraft and Capsule Bus missions. Inclination to the

ecliptic plane should not be low (increases possibility of Sun and Earth occulta-

tions) nor high (Canopus occulation). Inclination to the Earth-Mars plane should

not be near zero because of the need for accurate orbit tracking. This leaves an

intermediate range of orbit inclinations to the Mars equator. Thirty degrees has

been selected as a reasonable minimum.

2.3.8.2 Periapsis Location - With the various constraints used on de-orbit

(available velocity increment, continuous line-of-sight, and post-landing view

REPORT F694•VOLUME II • PART B •31 AUGUST 1967

MCDONNELL ASTRONAUTICS

2-223



time) the de-orbit maneuver must occur near the apoapsis. For the range of orbit

sizes considered, the entry and landing occur prior to periapsis. To provide the

desired lighting for descent imaging, the orbit must be positioned with the

periapsis on the lighted side of Mars. This corresponds to the Spacecraft reauire-

ments which also call for the lighted surface beneath the periapsis to obtain

surface images. However, the exact positioning of the periapsis relative to the

morning or afternoon terminator does present conflicting advantages to the Space-

craft and Capsule Bus. These are noted in Figure 2.3-135. For the Capsule design

a morning landing is preferred (15 ° to 30 ° from the terminator). Selection of

the evening landing would require a slight increase in battery weight to obtain

data for a full diurnal cycle and increased thermal control (Section 4.8) for the

heat shield during descent. In addition, the evening landing occurs beyond the

v_ew of Earth and no data will be returned from the Surface Laboratory until the

following Mars morning.

2.3.8.3 Periapsis Altitude - Low periapsis altitudes decrease the orbit life-

time (Section 4.8) but provide higher resolution photography from the Spacecraft.

A high periapsis requires more de-orbit velocity for the Capsule but post-landed

view of the Spacecraft is longer.

2.3.8.4 Apoapsis Altitude - The small orbit requires more insertion velocity but

the shorter period provides more orbit surface traces during a specific length

of time. For the Spacecraft, if the mapping data obtained over the lighted side

require only a specific number of bits of information, the transmission rate

could be significantly lower for the large orbit with its longer period.

2.3.8.5 Compromise Solutions - For the Capsule Bus, a morning terminator, large

orbit, with a high periapsis altitude is preferred. For the Spacecraft, the pre-

ference is for an evening terminator, small orbit, with a low periapsis altitude.

inclination preferences are sJmi!ar. It must be noted that each solution can be

made workable for either vehicle. With the large orbit, the precession rate is

slower; a morning terminator landing will position the periapsis close enough

to the subsolar point so the periapsis will remain in the sunlight for three

months or longer. For the evening terminator landing, the Capsule Bus can be

modified slightly for thermal control during descent and the Surface Laboratory

for longer operation. However, the morning terminator landing provides visibility

of landing from Earth and maximum data transmission before the first night from

the Surface Laboratory, both highly desirable objectives for the first Mars landing.
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Since this could be accomplished without serious degradation of the Spacecraft

experiments, including mapping for six months, the morning terminator is con-

sidered to be preferable.
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2.4 PROFILE SELECTION - From the various mission analyses,Section 2.3, a complete

mission profile from launch to landing must be selected. The various aspects of

the mission must consider the appropriate mission constraints,Section 2.2, and

provide workable solutions to all VOYAGER operations.

Types of mission profiles (Section 2.4-1) have been classified by landing posi-

tion with respect to the Sun direction as morning, forenoon, and evening. Mission

profiles for the 1973 launch opportunity have been formulated, Section 2.4.2, and

evaluated,Section 2.4.3. The selected profile is a landing near the morning

terminator. Particular aspects of a mission selection, such as landing site at

Syrtis Major, launch date, arrival date, landing date, etc., are described in

detail in Part A, Section 4. A summary of the nominal mission as compared to the

mission constraints,Section 2.2, is presented in Figure 2.4-1.

2.4.1 T_pcs cf Miss _n Profiles - Profiling an acceptable VOYAGER mission to

incorporate all of the flight phases and functional operations requires caretui con-

sideration of the objectives and requirements for each of the several flight phases.

Basically, however, VOYAGER mission profiles can be categorized through specifica-

tion of the Flight Capsule landing point. The landing point is indicative of

mission conformance with later flight phases and inclusion of the effects for the

preceding phases. We have utilized landing site position with respect to the

general Sun direction to type "our" mission profiles. For example, morning termina-

tor lander indicates that the Flight Capsule landing point is positioned relatively

near the terminator (or rather, a short time after local sunrise.)

Several mission profiles will be defined, formulated, and evaluated in this

and the following sections. This presentation will include a discussion of

mission constraint considerations, supplemental study considerations, and finally

the several types of mission profiles.

2.4.1.1 Mission Constraint Considerations - The _onstraints previously mentioned

are not a complete list. Even so, the requirement for satisfaction of all these

constraints is highly unlikely within a single mission profile. A few of them are

contradictory. For example, the desire to land within 15 to 30 degrees of the

terminator, retain Earth communications following landing, avoid Sun occultation

and still retain large Canopus limb angles from the Mars orbit are not simul-

taneously attainable. These and similar conditions, along with the firm constraints

such as launch year and interplanetary trajectory type, lead to a number of mission

profile possibilities, which will be discussed _ormulated and evaluated), in the
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following sections.

2.4.1.2 Supplemental Study Considerations - A number of supplemental studies are

required to establish gross performance capabilities for the several VOYAGER sys-

tems and thereby form the bounds for mission profile formulation. These include

the following:

o Arrival date separation maneuver requirements

Orbit insertion techniques and requirements

Mars orbit design considerations including orbit sizing considerations and

orbit motion and occultation characteristics

Descent trajectory design considerations.o

Each of these study areas contributes directly to the acceptability or un-

acceptability for a particular mission profile. With the exception of the maneuver

reauirements for the arrival date separation maneuver, these study areas were des-

cribed previously in detail, Section 2.3. The following paragraph shows that the

arrival date separation manuever does not limit the 1973 launch opportunity.

Also, a summary of the effects of the other studies follows.

Arrival Separation Maneuver - The initial interplanetary midcourse maneuver

is utilized to adjust the Mars arrival date. This maneuver, denoted arrival date

separation, provides an eight day Mars arrival separation between Planetary Vehicles

(taken as _ 4 days from nominal) for the 1973 Mars launch opportunity.

To assure opportunity availability within the Planetary Vehicle budget allow-

ances (200 m/s per Planetary Vehicle) for this maneuver, a simplified study was

undertaken to establish the gross requirements. The results of this study are

shown in Figure 2.4-2. The requirements for the maneuver do not limit the i973

launch opportunity.

Orbit Insertion Maneuver - Various techniques for Mars orbit insertion were

evaluated for total required orv±L................±._LL±u. v=±u_y1^-_'"_.,_,,,_..__.......... _ A I_ _ opo_A_=

rotation capability. The most promising technique, tangent insertion, gives ade-

quate orbit periapsis placement flexibility for the 1973 launch opportunity. The

total velocity increment required for an impulsive tangent orbit insertion is

illustrated in Figure 2.4-3. The total velocity increment, AV, required for an

impulsive tangent insertion during the 1973 launch opportunity is shown. The

rotation angle, P, refers to the areocentric angle between the final orbit peri-

apsis and the periapsis of the approach hyperbola. The natural or periapsis

insertion method is shown for comparison.
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Mars Orbit Design - Designing the Mars orbit to utilize an unsterile Flight

Spacecraft and still avoid contamination of Mars represents a fundamental con-

straint influencing the VOYAGER mission profile. This contraint requires selection

of an orbit with a mean altitude sufficiently high to avoid rapid decay into the

Martian atmosphere. This requirement leads to the selection of a highly elliptical

orbit with its periapsis at a low altitude for good photographic resolution, incre-

ased versatility for secondary Spacecraft experiments with reduced orbit insertion

AV requirement_ and better occultation control characteristics.

The selection of the highly elliptical orbit leads to the requirements for

careful consideration of the motion characteristics. The initial orientation and

orientation history of the Flight Spacecraft orbit over a finite period of time

affect a number of mission constraints. Various occultations, experiment lighting

an_les, communications, achievable landing sites, and surface mapping frequency are

examples.

Descent Traiectory Design - The design of the descent trajectory also affects

mission profile formulation. De-orbit propulsion capability is coupled directly to

the orbit size. Within the preferred design of 950 ft/sec de-orbit velocity incre-

ment, a considerable range of de-orbit anomalies is available near apoapsis for all

orbits considered, Section 2.3.3. Telecommunication considerations on range, look

angle, and the relative geometry of the Spacecraft and Capsule,however, limit the

range of compatible de-orbit conditions. The entry corridor, combined with the

range of atmospheric models (VM i-i0), provides a significant variation in atmos-

pheric flight time and range. The extreme boundaries have been evaluated, Section

2.3.6. Combining the atmospheric flight variations, orbit size, and telecommuni-

cations considerations, including post-landing view time, provides definite res-

trictions, Section 2.3.3, on the descent trajectories.

2.4.1.3 Types of Mission Profiles - A _ide range of mission profiles is possible

within the gross constraint bounds (compromises and violations accepte_. Of these

possibilities, a few profile types can be isolated as representative and analyzed

as most likely to meet the overall requirements for the VOYAGER mission. Best

described in terms of landing site position with respect to illumination and Earth

view, these general classes or types of profiles include the following:

o Morning terminator lander

o Evening terminator lander

o Forenoon lander

o Sub-Earth point lander.
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Each features a number of mission constraints whose satisfaction is emphasized

at the price of compromise or violation of other restraints. The degree of this

compromise and importance to the overall mission objectives indicates acceptability

to the VOYAGER program. An example for each of these profile types will be formu-

lated and evaluated in the followingsections.

2.4.2 Mission Profile Formulation - To determine if feasible missions may be flown

within restrictive guidelines, four representative mission profiles have been devel-

oped and evaluated. These profiles are depicted in Figure 2.4-4. The first pro-

file, morning terminator lander, is characterized by the Flight Capsule landing

point positioned near the morning terminator. The evening terminator lander, the

second profile, is similar, butthe landing point of the Flight Capsule is position-

ed near the evening terminator. In both cases good surface lighting for descent

c_i_vi_iu, i_ LI,_ _i..ci_al _n_id_r _+_ T_ _h_rH _rofile. forenoon lander, is

similar to the morning lander profile, but the landing point is farther from the

morning terminator; television considerations are relaxed. Finally, the fourth

profile is a special case of the forenoon lander - called sub-Earth point lander.

The Flight Capsule landing point is at the sub-Earth point. Numerous other pro-

file possibilities are largely compromise variations of the four.

2.4.2.1 Morning Terminator Lander - A mission profile designed to give the most

desirable lighting conditions for descent topographic television experiments would

land the Flight Capsule within 15 to 30 degrees central angle from a terminator.

Also, a profile designed to provide maximum data transmission from the Surface

Laboratory prior to the onset of the first Martian night would position the land-

ing point on the Earth visible side of Mars and, therefore, effectively in the

Martian morning.

These considerations establish a preference for the landing point situated

near the morning terminator. They form the principal feature of the first mission

profile. The landing point for this profile is nominally placed at 25 degrees cen-

tral angle from the morning terminator as shown in Figure 2.4-4. The rather large

rotation of the orbit line of apsides from the approach trajectoryperiapsis is

apparent.

The large apsidal rotation requirement is reflected on mission capabilities as

a reduction of the available launch opportunity, both launch and arrival period.

This effect is illustrated in Figure 2.4-5, for a 1000-20,000 km altitude Mars orbit.

(Orbit inclination to the Mars equator is 40 degrees and maximum available velocity
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increment, for impulsive orbit insertion, is 1.72 km/sec.) The available 1973 launch

opportunity constrained to this profile is shown for Type I transit trajectories.

Contours of required rotation angle, insertion velocity increment, AV, and Earth

elevation angle seen from the landing point are indicated.

Regions where launch to interplanetary phase constraints are violated are

shown by coarse cross-hatching. Fine cross-hatching indicates opportunity regions

where AV exceeds 1.72 km/sec. Note that the available launch period is about 30

days long. It is bounded by Earth daily firing window, the Earth injection energy

parameter, C3, the latest permissible Mars arrival date, and Mars orbit insertion

AV limit. Obviously, the launch period could be increased through relaxation of

any of these constraints.

Another, and probably a more lucrative way, to increase the launch period

_= _ _=1ov _h_ _n_4n_ nr _r_etnrv n_rameters. For example, the effect on

the available launch opportunity by variations of orbital inclination, angle to

the morning terminator, orbit size, and entry flight path angle are shown in

Figures 2.4-6 to 2.4-9, respectively.

2.4.2.2 Evening Terminator Lander - If we forego the requirement to acquire and

transmit Surface Laboratory experimental data to the Earth prior to the onset of

Martian night, but retain the constraint on surface lighting during Flight Capsule

descent, we could position the landing point near the evening terminator. A

mission profile of this type also is shown in Figure 2.4-4. The landing point is

positioned 25 degrees (central angle) from the evening terminator. Note that the

orbit line of apsides rotates in a direction opposite to that required for the

previous profile. The periapsis of the approach hyperbola is relatively closer to

the periapsis for the required Mars orbit than for the morning terminator lander

profile. Consequently, smaller rotation angles of the line of apsides are encount-

ered. Due to reduced insertion velocity increment requirem_nL_, L,_....entire _--pe_yI

launch opportunity defined by launch to interplanetary phase constraints is avail-

able. Contours of insertion velocity increment and rotation angle are shown in

Figure 2.4-10. The outstanding disadvantage with this profile is the lack of

direct communications to Earth during and after landing. Contours of Earth eleva-

tion view angle from the landed Flight Capsule are shown in Figure 2.4-11. The

Earth is not visible when values are less than 34 degrees.

2.4.2.3 Forenoon Lander - When the descent television lighting angles are relaxed,

but Earth communications requirements following landing are retained, the third

general type of mission profile evolves - forenoon lander. A sketch of this
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EFFECT OF ORBIT SIZE ON AVAILABLE 1973 LAUNCH OPPORTUNITY
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profile is also shown in Figure 2.4-4. The same insertion maneuver constraints are

utilized as with the morning terminator lander; only the angle to the terminator

(surface lighting angle at landing) has been altered. The effect of this con-

straint relaxation is illustrated in Figure 2.4-12. The angle to the terminator

has been increased to 50 degrees. Contours showing the variation of insertion

velocity increment, rotation angle, and Earth elevation angle are shown. The

maximum launch period is increased to approximately 39 days.

2.4.2.4 Sub-Earth Point Lander - This mission profile, shown in Figure 2.4-4, is

designed to increase launch periods, but retain good Earth communications at land-

ing. Instead of specifying the central angle between the Flight Capsule landin_

point and morning terminator, the sub-Earth point where the Earth-Mars line of

centers intersects the Martian surface is specified as the Flight Capsule landing

.... i_ _-^ ^_ _A_o _=_n rPo,1_r_ments is obvious.

The available launch opportunity with inclination, insertion velocity incre-

ment, and rotation angle contours is shown in Figure 2.4-13. The effect of the

launch opportunity due to inclination variation (minimum permissible inclination)

is apparent.

2.4.3 Profile Evaluation and Selection - The four representative mission profiles

can be comparatively evaluated in terms of relative merits and limitations. On the

basis of this evaluation, selection recommendations can be made for the most pro-

mising profiles. Each profile design is characterized by emphasis of a particular

constraint. This emphasis forces compromise on a number of the remaining con-

straints. The degree of compromise can be shown through a comparison of the follow-

ing key parameters: launch and arrival periods, insertion velocity increment and

rotation angle, Sun-lighting in the landing area, and Surface Laboratory view

(elevation angle) of the Earth upon landing.

The available launch and arrival periods for the profiles are presented in

Figure 2.4-14. The 1000-20,000 km altitude orbit is used for all cases. With the

exception of the sub-Earth point lander (which has a variable inclination), the

orbital inclination is 40 degrees. The available launch periods range from about

27 days to 48 days for a constant arrival date. The minimum desired launch period

is 30 days; all mission profiles but the sub-Earth point lander meet this require-

men t.

The arrival periods for the two Planetary Vehicles are also shown

in Figure 2.4-14. The morming terminator lander corresponds to the latest
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PROFILE COMPARISON LAUNCH AND ARRIVAL PERIOD
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permissible arrival dates. However, all profiles exceed the 8 day minimum separa-

tion constraint on arrival date.

A simplified comparison of insertion velocity increment is shown in

Figure 2.4-15. All profiles are limited by a velocity increment of 1.72 km/sec

(maximum for the 1973 opportunity). The small variation for the morning terminator

lander is indicative of the limited launch and arrival periods for this profile.

Line of apsides rotation angle is also compared for all profiles in

Figure 2.4-15. Moderate to high rotations are required for all profiles. As

expected, larger rotations are required for the morning terminator lander.

The capability for direct link communications between the landed Surface

Laboratory and the Earth is shown in Figure 2.4-16. Here, the capability is

measured by view (elevation) angle of the Earth. With the exception of the

evening terminator lander, all profiles have satisfactory view angles for direct

link communications with Earth stations. Although the angle band is smaller _or

the morning terminator lander profile, the communications characteristics are better

than those for the sub-Earth point lander. Landing occurs prior to the achievement

of maximum view angle. Since the Earth view angle is less than 34 degrees and

decreasing, the evening terminator lander has no Earth communications capability

before the first Martian night.

Somewhat less than perfect lighting conditions exist for the sub-Earth and

forenoon lander profiles (See Figure 2.4-16).

Although none of the presented profiles completely satisfies all constraints

and mission desires, practical or compromised profiles appear feasible. The

morning terminator landing has the near minimum launch and arrival period and the

longest transit time. It also has the largest communications distances. Probably

the major disadvantage for the morning terminator lander during the 1973 opportunity

is the smallness of the Canopus limb angle for the required Flight Spacecraft orbit.

For the sample trajectories analyzed, this minimum value varies from i0 ° to 28 °.

These values of limb angle could cause loss of Canopus lock due to stray light

reflected from Mars. Since the minimum value varies with nodal position, orbit

size, and inclination, the problem can be remedied partially in any or all of the

following ways (See Figure 2.4-17) :

a. Selection of a late launch date

b. Critical selection of orbit periapsis altitude and inclination

c. Relaxation of surface lighting angles at the landing point.
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PROFILE COMPARISON VELOCITY INCREMENT AND ORBIT ROTATION
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PROFILE COMPARISON EARTH AND SOLAR ANGLES
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CANOPUS LIMB ANGLE EFFECTS

EFFECT OF TIME IN ORBIT AND MISSION PROFILE ON MINIMUM LIMB ANGLE
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Even with these limitations, the profile meets the Flight Capsule constraints best.

It boasts maximum direct link communications during the first day on the surface,

surface lighting at and following landing, and complete occultation avoidance for

the Flight Spacecraft during the first months in orbit.

The outstanding disadvantages for the evenin_ terminator lander are two:

a. Earth communications improbable from the Surface Laboratory following

landing.

b. Flight Spacecraft normally occulted from the Sun for the first few days

following orbit insertion.

Also, it should be noted that the minimum Canopus limb angle is approximately

30 degrees (compared to a range from i0 ° to 28 ° for the morning terminator lander

which occurs at a lower altitude).

.... C-..Zr ........... In _11 nYnh_h_]_tv_ a compro-

mise close to one of these in-between profiles will be the final selection. A

summary of the advantages and disadvantages for the four profile types is presented

in Figure 2.4-18. The morning terminator lander profile, however, best satisfies

the overall constraints for the VOYAGER mission, and was therefore recommended

for selection as the preferred concept.

2.4.4 Mission Selection - Mission definition is an integration of the kinematic

profile selection (as described in the preceding subsection) with the systems,

instrument% and sequencing of operations. Consideration must be given to the

choice of Canister, Spacecraft-Canister-Capsule separation, de-orbit propulsion,

power, thermal control, telecommunications, aeroshell shape, aerodynamic decelera-

tion, heat protection, separation, terminal deceleration, landing, landing site,

instrumentation for experiments, and engineering data, and even operation of the

two Capsule Buses. The functional requirements on the various subsystems, Section

3, imposed by the mission profile lead to candidate subsystems. However, for

several areas the interrelationships among various subsystems are reported as

trade studies, Section 4.

The selection of a single (nominal) mission profile was made and has been

detailed for the preferred concept in Part A, Section 4. The selected mission

conforms to the major VOYAGER constraints, Section 2.2, as shown in Figure 2.4-1.

This example of a mission required several choices within the mission profile

(landing near the morning terminator) and compatibility with the subsystems.

Major selections were:
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COMPARISON OF REPRESENTATIVE MISSION PROFILE

ADVANTAGES

Morning Terminator
Lander

l, 25 °

Earth _"-.__i_

Sun _

• .__ _ _Deorbit

Insertion_l__v_

• Satisfactory launch period for 1973 Type Itraje
• Launch and transit phase constraint satisfactio

• Post-periapsis orbit insertion

• Orbit periapsis placed on Earth side of Mars

• Good surface lighting for both Flight Spacecraft
Flight Capsule

• Descent trajectory constraint satisfaction (inch

line of sight following landing)

• Morning landing and good direct link Earth corn

cations following landing during first Martian d!

Evening Terminator
Lander

Forenoon Lander

Deorbi

I:arth_,_,_ _ ,

Insertion Ig_

25°

Earth__

__ _Deorbit

Sun. __Jnsertion_,_

• Maximum launch and arrival periods for 1973 T_

trajectories
• Launch and transit phase constraint satisfactio t

• Relatively small orbt nserton veoc ty ncrem!
and line of apsides rotation requirements 1

• Good surface lighting for both Flight Spacecraf!

Flight Capsule
• Descent trajectory constraint satisfaction (incl_

line of sight following landing) _1

• Improved Canopus limb angle(but long duration)]
i 1

• Good launch and arrival periods for 1973 Type I

traj ectori es

• Launch and transit phase constraint satisfactioi

• Post-periapsis orbit insertion

• Orbit periapsis placed on Earth side of Mars 1

• Descent trajectory constraint satisfaction (incl I
lineof sight following landing)

• Improved Canopus limb angle

Sub-Earth Point

Lander

Earth _.._ _.

FF = _eorbit

Sun4_9;o/_" _ ---J
90 Insertion _'''---''_

I

• Launch and transit phase constraint satisfactiol

• Post-periapsis orbit insertion

• Orbit periapsis placed on Earth side of Mars

• Descent trajectory constraint satisfaction (incl i
line of sight following landing) !

• Improved Canopus limb angle
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DISADVANTAGES

:tories

and

iding

I
nuni-

_y

i

!oe I

P

ent

_tand

Jding

,ding

ding

• Relatively large (but satisfactory) orbit insertion velocity
increment and line of apsides rotation requirements

• Limited arrival period (but satisfactory)

• Largest permitted arrival communications distances

• Small Canopus limb angle for early launch profile (relatively)
short duration)

• Pre-oeriaosis orbit insertion

• Orbit periapsis not on Earth side of Mars

• No direct link Earth communications (evening lander)

• Short time operations before first Martian night

• Orbit periapsis placed at Iand beyond) evening terminator

• Relaxed surface lighting for Flight Capsule descent

• Reduced (but adequate) direct link Earth communications

following landing during first Martian day

• Moderate to large arrival communication distances

(but satisfactory)

• Relatively large (but satisfactory) orbit insertion

velocity increment and line of apsides rotation requirement

• Orbit periapsis near sub-solar point

• Inadequate launch period for 1973 Type T trajectories

• Relatively large (but satisfactory)orbit insertion velocity

increment and line of apsides rotation requirements

• Relaxed surface lighting for Flight Capsule descent

• Reduced (but adequate) direct link Earth communications

following landing during first Martian day

• Orbit periapsis near sub-solar point



a. Earliest launch date (30 day minimum launch window)

b. Maximum launch azimuth

c. Mars orbit: i000 km periapsis altitude

20,000 km apoapsis altitude

40 ° inclination

d. Attitude: inertially fixed (pitch and yaw) with low roll rate during

extra-atmospheric descent to entry and 3 axes rate-damped

during atmospheric flight to parachute deployment.

e. Landing site: Syrtis Major

f. Goldstone view of orbit insertion, de-orbit, and landing with 3 hour post-

landing (5.8 hour Earth view)

g. Second capsule: same selections.

These selections comprise a workable mlSslon Eo ±iiu_LLdL=, == _.c c_am_!z,

the flexibility of the 1973 VOYAGER mission.
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SECTION 3

SYSTEM FUNCTIONAL REQUIREMENTS

Functional requirements are imposed on the Capsule Bus System by the mission

objectives. Additional requirements, such as providing a suitable environment and

adequate electrical power, are derived from the Capsule Bus System itself. Because

these interrelate with the capsule design and operation, the determination of

requirements is an iterative process.

Functional requirements can be separated into four principal categories,

associated with the various phases of the mission profile. During the period from

launch through Mars orbit, the Flight Capsule must maintain itself in a condition

which will allow initiation of the subsequent, more active phases. Second, the

capsule must perform extra-atmospheric tasks to accomplish separation from the

spacecraft, de-orbit maneuver, and de-orbital descent. Third, a group ol _quiL=-

ments is imposed to insure survival of the atmospheric entry. And finally, the

terminal deceleration and landing phases must be accomplished.

The Flight Capsule is carried aboard the spacecraft from launch to Mars orbit.

During interplanetary flight, the capsule need only maintain its integrity for

subsequent functions and its protection against violation of planetary quarantine.

Thermal control is the most important aspect of protecting the vehicle while it

is in the interplanetary environment; monitoring to determine the capsule status

is also necessary. Electrical power to support these functions is required.

During the de-orbit and orbital descent phases, the Flight Capsule is required

to separate from the VOYAGER Spacecraft and perform a propulsive maneuver to achieve

a trajectory which will assure a survivable entry and landing at a predetermined

landing site. Meanwhile, the capsule must continue to protect itself thermally and

must initiate relay communication with the spacecraft. Beginning at spacecraft/

capsule separation, the capsule must provide its own attitude control, so that the

de-orbit maneuver, thermal control, and communications can be successfully performed.

Sequencing and timing must be provided by on-board equipment. Electrical power to

support all of these functions is again required.

The requirement for survival dominates the atmospheric entry phase. Equipment

must withstand a peak deceleration of about twenty Earth g's; velocity must be cut

to one-tenth of that at atmospheric entry. Protection from aerodynamic heating is

required. Communication of engineering data to the spacecraft for relay to Earth

must continue. Capsule Bus design and operations must permit the Entry Science

Package to function satisfactorily during this period.
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Braking the remaining velocity is the function of the terminal descent and

landing phases. Guidance requirements are complicated substantially by the

uncertainties of initial conditions to be imposed by the Mars atmosphere.

Continued compatibility with the ESP and communication to the spacecraft is required.

Attenuation of the landing loads is a Capsule Bus requirement.

The most significant of these functional requirements and the candidate methods

for satisfying them are listed in Figure 3-1.

REPORT F694 • VOLUME II • PART B • 31 AUGUST 1967

MCDONNELL ABTRONAU'rlC.g

3-2



LU

I--

>-

LId
...I

.<
U

LLI

LId
Ii
Lid

z-
m

iii

0
Ii

3 u._o
• °

C m

Lid _

u_r-_

u
LU _ =

r-

e.)

t-
O

rn I_
0

c_

0 _-

LU _

--l I-- _ 0

r-"

U

r---

C"4

c4
<C

nn

r-"

C'q

c4

"Z.

rn

r--

(',4

c4

e,--

U'I

G G

_ e4
.< .<

en c_

t.)

C'I

en

tJ

_0

u_
en

en

>

U

-i
en

0

U

k)

o

en

m
¢-o _- _

REPORT F694•VOLUME TI •PART B •31AUGUST 1967

MCDONNELL ASTRONAUTICS

Figure 3-1

3-3 _t



r,n

m,---

O0

L.)

Cx4

c_

rn

m,,-

rn

r--

t..)

e---

nn

e---

n'_

L..)t.)

,.n_
nnnn

O0

t.)

e,,--

<_

c_
nn

_n

C_4

L.) t.)

n'_ rn

"q.

n_

t.)

',0

c'i.
C")

<_

C',I

nn

ur'l,

t.) L..)

c_
CO 0")

<_

,m CO

n._ CO

(I,)

)
LU

_o
U

2 n
0

)..-r

0

0

0

i-
0

°m

U

LLI

.<

u _ o_ _a ._ -_ ._
o I-- U n,' m.u

u'J,

!
o,

,- c_
_E

c-

o

o

t-
O

o
N

2
t/)

-0

.?.o



u

c_
c_

cO

r_n

r,n

0,,
(j

c_

_c

cO

_0

rn

0,, 0".
u (J

c_
cO _

rt_ a_

a)

.u
0

tD
u
i-

CD
r_

4)
-0

°_

O)

om
q_

4)
V'J

-o

O)
r-

o_

t-
a_

C_

o_

_c

-B

c_
0

.m

ou

r_
-O



"O

Q_

o--

O

U

LU
I--

>-

133

UJ
._I

Vl

13.

U

t'_
LU
rw

iii
,,i
I.U

13.

.-

g_

U-

O
• - °_

_-C_

E'Z-

I-

U

I--

.<
th

Z
<
U

l-
Z
LU

:£
LU
fv

¢3
Iii

._I

,<
z
O

I-
U
Z
z:)
LL

C3
O

LLJ
O_

CO

U

C.,I

e4
<

133

>

U

NO

C'N

e4
<

O_

U
O_

U

C_l C'N

e_ e_
e4 eo
< <

C_

U

C_

cq
e4
<

I'_ _ C_ QO CO

rn a3 rn _ C_

Lr_

133

>

r.
o_

"_ ILl

.o

....

I

U

C'_ CN

e_ e4 e4
< < <

*- '4--

53.a

c_-'-

C3 ",-
u_

b-

13_

i-
o

°-
in

o

13_

0

4-

rt

e_
c

E

0

U

D

°-

u. (..)

Figure 3-1 (Continued)

3-4 -I

REPORT F694 • VOLUME 11 • PART B • 31 AUGUST 1967

MCDONNELL ASTRONAUTICS



r

L)

)
3

)
3

I) L_,

_, _J LI.I _ ,._ I.,i.I -l"

0

>
o-

,.,m

>

,.m _,

> >

U

>.

U

.<

>

U U

eo eo _ co
,,4 ,_ _._ _

i̧

ii

_i_i .....

c

•,.- •

0

m

_. o ,.
u _
c lo I

'-" ,,..

0

u

o

U
o-

E

_-...

m



u

CO

|j,,_,

_-_z

r-
,m

c
o

o

(D
-'o

o
c
O

(.J

"4O

.¢..

.<

m._

u

.<

o')
m,..-.

o_
O c

(..j (J

c_ e.!

u

*" O

- _

.__ .__ _ o

en

U

O

? .A"

(..J

O

co a_

:_:_ ii_i̧'
i

-I0
O

I=
O

4-

u

O O

I,)

,t-

"F: "_

I.- r'_

-J

o

O

O

u

U

E

u

2c_

.,<

III

E
O

e-
u

O
O-

i

O

U

('N

e4
.<

r-

In
r-
4)

(/)

E
>.
O



o-

0
U
v

ILl
I--

>..

rn

I,LI
J
:::3

U

III
ty
n,,'
ILl
ii
LU
ty
n

m (13

,,:,-

.o S.
u ":-

u
D m

,,,s,

"_.,

_/) ,,I-
,,.,Q U

P

g
o

123

a
z

u

i.-
z
uJ

iii

Or
I.U

.-I

Z
0

I--
L.)
Z

Ii

r_
0

iii

>

U

,,,0

.<

,4

a g g

£ P o

8 0_ 0_ 2 _ J
a. 2 2 _
-(3 D D U
"-- (3" (3" 0

:D

= -i_q _ _ _ _j• _ O1
J • c • c c •

I
= t o I "_

_-I±I±I ±II

-- o_ o _ --

_ n'-3 n" --5 _ ._

i,-
O

"6 "_, o1

_D-
C3 E

®-_
._ .-- >,.

m I= m

-5_N

L-

U

en

i_ h!!i ¸

-_ E E

-o m

-J u_

E c

o°-

_ P
-- O

_ =
e-,

_ o
2 "

& <
m

m

t.) U

¢'1 _,1

e4 _

O

en rn

"10
0

0
°-

o
Q,.

o

..Q ¢_
0 u
>, e
OC_

"_u

121 E

__P

U

r4_d
rn_

c

r-

Figure 3-1 (Continued)

3-5 d

REPORT F694•VOLUME TZ •PART B •31AUGUST 1967

MCDONNELL ASTRONAUTICS

ol

ul
r.



0

U

<

r_

6 o
m

U U

< <

rn rn

E
0

0

U

C_

<

rnrn

'0

U

<

rn

c_
U

<

rn

e-

l-

U
0

r_

0
C

°I

i1

el

_3

rI
0

w-
._

E

F-

I

,lI

E

e-



L.)

(N

nm

U

',O

e6

(Y)

nml:_

l:a

,-=,

L.)

(_I

c'i

CN

I:D

7.

G

(N

l:l:l

_ -g--_?


